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Summary 
Nonlinear optical (NLO) effects are observed when there is an interaction of intense laser 
light with matter. Materials may be designed to harness these NLO phenomena for 
technological purposes, but a sound knowledge of the relationship between molecular 
structure and the NLO response is desirable in order to enhance the efficiency of such 
materials. Previous research in the area has begun to establish structure /NLO property 
relationships for a range of molecular systems, although there are many aspects yet to be 
explored. In the current work, the results of studies investigating the effect of variation in 
metal, charge- transfer ligands, and geometry on NLO properties are presented. 
The effect of metal variation upon the second -order optical nonlinearity of several series of 
Group 8 transition -metal acetylide complexes was found to be significant, although not 
particularly large. The trend observed in molecular second -order optical nonlinearities for 
this type of complex was iron < ruthenium < osmium. This is in contrast to trends reported 
for transition -metal nitrile complexes, suggesting that factors other than the specific metal 
present in the complex may play a more dominant role in determining the second -order 
optical nonlinearity. A bulk -phase second -order response was detected for two complexes 
containing an optically active diphosphine ligand. This work represents the first time 
homologous iron, ruthenium and osmium acetylide complexes bearing the optically active 
1,2 -bis (methylphenylphosphino)benzene ligand were prepared. It led to the development of 
a synthetic route into cis and trans isomers of [OsC12(chiral -at- phosphorus diphosphine)2] 
complexes, and the elucidation of a previously unreported all -S -bound Me2S0 geometry 
for [OsC12(Me2SO)4] 
The effect on the second -order optical nonlinearity of replacing the bridging atoms X = 
CH in complexes bearing the alkynyl ligand (E)- 4,4'- HC:CC6H4X= XC6H4NO2 with the 
atoms X = N was examined. In order for these measurements to be made, synthetic routes 
into new terminal alkyne compounds and metal acetylide complexes were developed. NLO 
measurements revealed that ruthenium complexes bearing an alkynyl ligand that 
incorporates an N =N linkage have large molecular second -order optical nonlinearities, 
comparable in magnitude to previously reported complexes bearing the analogous CH =CH 
linked ligand. The optical nonlinearities of ruthenium complexes bearing an indoaniline 
alkynyl ligand were significantly lower. The measurements performed with the ruthenium - 
acetylide complexes were resonance enhanced. However, a gold complex incorporating the 
ligand containing the N =N linkage had little absorption at either the fundamental or 
second -harmonic wavelength, permitting a better comparison of the effect of ligand 
variation on second -order NLO merit. Second -order NLO measurements showed that the 
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gold complex bearing the N =N linked ligand has a larger second -order optical nonlinearity 
than the analogous complex bearing the CH =CH linked alkynyl ligand. 
The effect of molecular geometry and size was examined. Branched and dendritic 
ruthenium -acetylide complexes containing extensive it- delocalized systems were examined, 
and an efficient synthesis of first generation dendrimers was developed. The 
alkynylruthenium dendrimers are soluble in a range of solvents and are oxidatively stable. 
Both second- and third -order NLO experiments were performed, revealing that varying the 
molecular size and geometry impacts significantly on the optical nonlinearity. Very large 
second -order nonlinearities were recorded for several of the branched complexes, 
comparable to some of the largest reported in the literature. Modification of the electronic 
properties of the molecule by the introduction of strong acceptor groups induced large 
increases in second -order optical nonlinearities. Third -order NLO measurements revealed 
significant two -photon absorption behaviour, again comparable to some of the largest 
reported in the literature. Both linear and nonlinear absorption coefficients increase in a 
nonlinear fashion with respect to the number of metal centres, arylalkynyl groups or 
molecular weight upon proceeding from the smaller complexes to the dendrimers. 
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Chapter 1 
Organometallics for Nonlinear 
Optics 
1.1. Introduction 
Nonlinear optics arises from interactions of electromagnetic fields (light) with matter. 
Interactions in materials possessing nonlinear optical (NLO) properties change the nature of 
the incident light such that new field components with differing phase, frequency, ampli- 
tude, polarization, path or other propagation characteristics are produced. These materials 
are of technological importance in areas that utilize optical devices, with potential applica- 
tions as optical signal processors, switches and frequency generators (exploiting such pro- 
cesses as harmonic generation, frequency mixing, optical parametric oscillation and Raman 
shifting). Such materials may also contribute to areas like optical data storage, optical com- 
munication, optical switching, image processing and, ultimately, optical computing. 
Materials currently employed for their NLO properties are mostly inorganics: salts such as 
LiNbO3 and KH2PO4 (KDP) are used for frequency mixing and electrooptic modulation 
while glasses such as silica are the materials of choice in applications where third -order 
nonlinear processes such as self -phase modulation are needed. In these materials the NLO 
effects of a purely electronic nature are often accompanied by lattice distortions. For ex- 
ample, loosely bound positive ions of lithium or potassium within crystals of the salts pro- 
vide an asymmetric field giving rise to NLO effects with response times in the order of 
nanoseconds. This is of importance for relatively slow NLO processes such as the elec- 
trooptic effect, but is not ideal for frequency conversions which require a purely electronic 
NLO response. Advantages of inorganic salts include a large transparency range (UV to 
IR), high optical damage thresholds, high perfection of single crystals and very low optical 
losses. In many applications, such as doubling the frequency of lasers or optical parametric 
amplification, there is a need for synchronization of the phases of the interacting optical 
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fields (phase matching). This requirement is not always easy to satisfy, and severely limits 
the applicability of the nonlinearity of some materials. Quasi -phase matched second -har- 
monic generation in crystals such as LiNbO3, LiTaO3, and KTiOPO4 (KTP) has, however, 
been achieved, with efficiencies up to 10 %.1 
Semiconductors such as gallium arsenide or indium arsenide, particularly as reduced di- 
mensionality species (quantum wells, quantum wires or quantum dots), possess nonlinear 
optical effects which originate from saturable absorption,' with third -order NLO responses 
that are amongst the largest known.2 A disadvantage of NLO processes based on resonant 
interactions (such as one -photon or two -photon absorption) is, however, that the speed of 
the NLO response may be relatively slow. Although nonresonant nonlinearities of some 
semiconductors such as AlxGa1_xAs are reasonably high, many organics [for example it- 
conjugated polymers such as polyacetylene, polydiacetylenes and poly(p- 
phenylenevinylenes)] offer nonlinearities which are of similar or higher magnitudes, with 
the inherent flexibility of their design being an additional attractive feature. 
Many organic molecules (in solution or as crystals, in polymers, or in guest -host systems) 
have been probed for their NLO responses (see, for examples, references 3 -15). In these 
compounds, the main source of the NLO response is usually the electronic nonlinearities. 
Organic materials possess a number of advantages for NLO applications. Some have a 
higher optical damage threshold than inorganic crystals, and they are generally cheaper and 
easier to synthesize and fabricate than inorganic materials. They possess other advantages 
stemming from their structural diversity and architectural flexibility, which allow for 
molecular design and engineering. It is possible to grow single crystals of some organics, 
but many of them can also be used in other forms: for example, thin films of polymers can 
be electric field poled to introduce the asymmetry needed for the appearance of second -or- 
der NLO effects. Low lying electronic transitions in the UV- visible region improve the NLO 
efficiency in organic molecules, but a disadvantage of such molecules is a trade -off between 
nonlinear efficiency and optical transparency. Other disadvantages of organics may include 
lower thermal stability and facile relaxation of the chromophores to random orientation in 
poled guest -host systems. 
During the evolution of the study of organic molecules for nonlinear optics, experimental 
observation has enabled certain structure/NLO property relationships to be developed, from 
which useful insights may be gained. Computational investigations utilizing quantum 
theory have also afforded general qualitative rules. High polarizability of any order is 
associated with the existence of low energy molecular excited states which, because they are 
close in energy to the ground state, mix easily when the molecule is perturbed. 
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Organic molecules containing conjugated It systems with charge asymmetry have been 
shown to exhibit extremely large second -order NLO properties. Donor -acceptor substituted 
azo dyes, Schiff bases and stilbenes are examples of molecules with an extensive cloud of 
1t- electrons that are easily polarized, and which show large second -order nonlinearities. The 
nonlinearity of such molecules can be enhanced by either increasing the conjugation 
length, thereby increasing electron delocalization, or increasing the strength of donor or ac- 
ceptor groups to improve electron asymmetry within a molecule.2 NLO properties of 
polyene -like molecules can be increased further by controlling bond -length alternation (the 
difference in length between C -C single and double bonds in a it- conjugated system). 
Changing the alternation may alter the charge distribution in the electronic ground state. 
For optimized alternation, enhancements of up to a factor of five may be observed.16'17 
Sizeable 7t- delocalization length (e.g. progressing from small molecules to it- conjugated 
polymers), the presence of donor and acceptor functional groups, chain orientation and 
packing density, conformation and dimensionality (e.g. progressing from one -dimensional 
oligomers to two -dimensional porphyrins and phthalocyanines)18 all impact favourably on 
third -order nonlinearity. 
Octopolar compounds have been studied as potential NLO materials. 19 Non -dipolar 
molecules may be effective in overcoming problems such as the NLO effi- 
ciency /transparency trade -off, and the proclivity of dipolar molecules to adopt centrosym- 
metric packing in the solid state. The presence of a three -fold symmetry axis in octopolar 
1,3,5- substituted aromatic ring systems may lead to better transparency characteristics, and 
the lack of a molecular dipole enhances the prospects of noncentrosymmetric crystal pack- 
ing. 
Like organic molecules, organometallic complexes can possess large NLO responses, fast 
response times, ease of fabrication and integration into composites, as well as having the ad- 
vantage over organic systems of much greater flexibility at the design stage. Variation in 
metal, oxidation state, ligand environment and geometry can in principle permit NLO re- 
sponses to be tuned in ways not possible for purely organic molecules. Studying the non- 
linear properties of a variety of metals, oxidation states and ligands in systematic series of 
"families" of organometallic compounds can lead to an understanding of structure /property 
relationships. 
Novel bonding patterns and coordination geometries allow for spatial arrangements of 
atoms that may not be easily accessible in other systems. Organometallic compounds are 
often strong oxidizing or reducing agents, since metal centres may be electron rich or poor 
depending on their oxidation state and ligand environment. Thus, the metal centre may be 
an extremely strong donor or acceptor which is a requirement for electron asymmetry and 
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hence second -order nonlinearity within a molecule. Unusual and /or unstable organic frag- 
ments (e.g. carbenes) may be stabilized on metals, allowing the NLO properties of these 
species to be assessed. Organometallics can also form polymers or be included in polymers, 
either as side chains or in the polymer backbone, which affords the possibility of introduc- 
ing more polarizable atoms in a polymer chain than may be accessible in purely organic 
systems. 
The NLO properties of organometallic compounds have been reviewed previously together 
with those of some related coordination complexes.18,20 -24 The present work reviews the 
organo- transition metal- containing component of the field through mid- 1999.t 
t This Chapter draws partly on material from publications 2 and 4 (listed on page ix). 
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1.2. Background 
1.2.1. Theory of nonlinear optics 
Optical nonlinearities can be explained by considering the interaction of strong electric 
fields with matter. If the fields have optical frequencies, the phenomena resulting from the 
nonlinear interactions are called nonlinear optical (NLO) phenomena. Most texts on non- 
linear optics (e.g. references 25 -28) begin the discussion of this area from considerations of 
macroscopic relations between the vector quantities P (the polarization vector), D (the dis- 
placement vector) and E (the electric field vector). Chemists, however, consider the molecu- 
lar origin of physical phenomena, so the description of NLO phenomena which follows 
starts from consideration of the behaviour of a single molecule in a strong electric field. 
An electric field El acting on a molecule is termed a local field since it may differ sub- 
stantially from the macroscopic field outside the medium (because of the influence of 
neighbouring molecules). The field will, in general, distort the electron density distribution 
p(r) in a molecule. Such a distortion may be described in terms of changes in the electron 
distribution moments. The first moment of the electron distribution, the dipole moment It, 
is the most important quantity from the aspect of optical properties (hence, one often talks 
about a so- called dipolar approximation). The changes in the dipole moment induced by a 
relatively weak field can be expected to be linear with the magnitude of the field. However, 
this will not be the case for the field Eloc comparable in strength to the internal electric 
fields within the molecule. In these circumstances, the distortion and the induced dipole 
moment have to be treated as nonlinear functions of the field strength, usually being pre- 
sented in terms of a power series: 
+ aEloc +. ElocEloc +ElocElocE[oc + 
In many texts (e.g. some of those relating to quantum chemical calculations), equation 
(1.1) is treated as a Taylor series and therefore has 1 /n! multipliers in front of the 
consecutive (Eloc)n terms. 
The tensorial a, 3 and y quantities defined by the above equation are called the linear polar - 
izability, the second -order or quadratic hyperpolarizability (or, sometimes, the first hyper - 
polarizability) and the third -order or cubic hyperpolarizability (the second hyperpolariz- 
ability), respectively. As both and Eioc are vectors, the relation between the three cartesian 
components of ft and the three cartesian components of Eloc needs nine proportionality 
factors, and so a is a second -rank tensor (or a 3 x 3 matrix). A full description of the sec- 
ond -order and third -order interactions involves assessing the effect on the dipole moment 
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of combinations of cartesian components of the field, so 3 is a third -rank tensor (or a 3 x 3 
x 3 matrix) and y is a fourth -rank tensor (or a 3 x 3 x 3 x 3 matrix). Fortunately, many of 
the tensor components of a, 13, and y are equivalent by various symmetry rules or equal to 
zero. The most straightforward simplification comes from permutation symmetry (the 
products of the cartesian components of the field can be freely permuted), which results in 
some indices in the tensor elements of the polarizabilities being permuted, too.27 Additional 
simplification comes from polarizabilities being invariant with respect to all point group 
symmetry operations. The latter rule is especially important when considering the second - 
order hyperpolarizability 13: in the same way that a vectorial property must be absent in an 
object which has a centre of symmetry (the only vector which stays invariant after inverting 
it through a centre of symmetry is a vector of zero length), all the components of 13 (and 
any third -rank tensor) must vanish in centrosymmetric point groups. 
The electric field of a light wave can be expressed as: 
E(t) = E0 cos(wt) = [exp(i wt) +exp( -iwt)] 
Therefore, for an arbitrary point in space, Equation 1.1. can be written as: 
µ( t)= µo+ aEocos ((ot) +(3Eocos2(wt) +yEócos3(wt)+ ... 
= µo +'z aEoexp(iwt) + z I3Eo 
+ á (3Eoexp(2iwt) + é yEoexp(i(ot) + á yEóexp(3i(ot) + c. c.+ ... 
(1.2) 
where c.c. stands for complex conjugate terms. It is easily seen from the above expansions 
in terms of exponential factors or, equivalently, trigonometric relations such as cos2(wt) = 
1/2 + 1 /2cos(2wt) that the effect of the nonlinear terms in the dipole moment expansion has 
been to introduce contributions at different frequencies: the second order ((3) term has in- 
troduced a time -independent (d.c.) contribution (optical rectification) as well as a term os- 
cillating at the frequency of 26) (the second harmonic generation component). It can read- 
ily be verified that the quadratic term also provides a frequency mixing phenomenon if the 
input field is a sum of two components with different frequencies, and that a constant (dc) 
field may influence an oscillating field if the two are combined in a medium containing 
second -order nonlinear molecules [the linear electrooptic (Pockels) effect]. In a similar 
way, the cubic term in Equation (1.1) leads to various nonlinear optical effects, one being 
oscillation of the induced dipoles at 3w (third harmonic generation). 
Equation (1.1) is, strictly speaking, not suitable for optical fields, which are rapidly varying 
in time. Even for linear polarization, the oscillation of the induced dipole moment may be 
damped (by material resonances) and thereby phase shifted with respect to the oscillation of 
the external electric field. The usual way of expressing this phase shift is by considering the 
7 
relationship between the Fourier components of the induced effect (oscillation of the in- 
duced dipole) and the stimulus (the electric field), with the damping and phase shift conve- 
niently expressed by treating the terms involved as complex. Thus, the linear polarizability 
can be written as: 
Aµ(1) (co) = a(w)E(co) 
where a((b) is complex, E(w) is the Fourier amplitude of the field at frequency w and 
Aµ(1)(w) is the linear component of the oscillation of the dipole at the same frequency. 
Dispersion of a (the frequency dependence of the linear polarizability) will show character- 
istic rapid changes of the real part of a and enhanced values of the imaginary part of a 
near to the resonance frequencies of the molecule. 
In the same way, frequency dependent hyperpolarizabilities can be defined as complex 
quantities by considering the relations between the nonlinear (quadratic and cubic) compo- 
nents of the induced dipole moment oscillations at particular frequencies. A complication is 
that, in general, more than a single 
`field 
frequency is involved. The usual notation is: 
AN(2)(w3/ = R(- 0.)3;6.)1 +(02)E(0)l )E(w2) 
and: 
412 3)(w4 = Y(-w4; coi ,w2, w3 )E(w1)E(w2 )E(w3) 
for the quadratic and cubic nonlinear optical effects, respectively. The first frequency in the 
brackets describing the frequency dependence of the hyperpolarizability refers to the out- 
put frequency and the remaining frequencies are those of the input fields. Positive and 
negative signs of the frequencies can occur, depending on the type of interaction; for ex- 
ample, the 13 responsible for second harmonic generation is represented as 13(- 2w ;w,w) 
whereas 13 for optical rectification is written as 13(0; -w,w). Dispersion of 13 and y is therefore 
quite complicated, the dispersion of 13 being a function in two - variable space (the frequency 
w3 is always (u3 = w1 + w2) and the dispersion of y needing three -variable space for a full 
description. It should be noted that resonant behaviour of the hyperpolarizabilities (a 
rapidly changing real part and enhanced imaginary part) is expected not only when any of 
the frequencies in 13(- w3;w1,(o2) or y(- w4;w1,w2,w3) approaches a resonance but also for 
some combination of the input frequencies being close to a resonance. One of the best 
known examples of such behaviour is that the so- called degenerate third -order hyperpolar- 
izability y(- w;w, -w,(o) can be expected to exhibit resonant behaviour when 2w approaches 
resonance. 
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Macroscopic description of the NLO phenomena is very similar to the microscopic ap- 
proach presented above. The macroscopic quantities of interest are the susceptibilities of 
various orders defined by: 
P = &p( x(1)E + x(2) E2 + x(3)E3 + ...) in the SI system 
or: 
P = x(1)E + x(2)E2 + x(3)E3 + ... in the cgs system 
x(1) are tensors of the same ranks as their corresponding molecular analogues and, again, the 
equation relating the polarization to the macroscopic optical field is rewritten in terms of 
the Fourier components of the polarization and of the input fields. The important problem 
is, therefore, expressing the macroscopic NLO properties in terms of the molecular ones. 
The usual way of treating the optical properties of systems containing organic molecules is 
in terms of the oriented gas model, i.e. the macroscopic property is treated as the sum of 
molecular contributions, allowing for orientation of the molecules and for differences be- 
tween the local field and the macroscopic electrical field. By following the usual approach 
of transforming tensor properties from one coordinate system to another using matrices of 
orientational cosines, expressions for macroscopic nonlinear susceptibilities can be derived. 
For example, the second -order susceptibility x(2) of a crystal composed of organic 
molecules with second -order hyperpolarizability f3 will be equal to:29 
xlJK- w3;w1,w2) = L11w3)LJ(w1)LKl(02)I Ntb5JK(- w3;w1,w2) 
t=i 
where the L factors are the local field factors (often approximated by the Lorenz -Lorentz 
expression L = (n2 +2)/3 where n = refractive index) and: 
¡¡ 
Ng 
/ 1 
b%JK(- (03;(Ul,()2)= N COSej i ) COS 0 ) COS e(Kkßi,k(- (03; (01 + (02) 
g ijk s =1 
In the above, ijk denote the cartesian coordinates of a molecule, IJK those of a crystal (a 
unit cell), Nt is the number of molecules in a unit volume occupying each particular 
inequivalent site in the unit cell, p is the number of inequivalent positions of a molecule in a 
unit cell and Ng is the number of equivalent positions in a unit cell. The directional cosines 
are used to transform each of the molecular (3 components to those of the new coordinate 
system (biiK) and the contributions are summed. 
Due to statistical orientation of molecules, orientation averaging can be performed which 
for fourth -rank tensors leads to substantial simplification; from symmetry considerations, 
the x(3) tensor for an isotropic medium can only have two independent components, namely 
X(3)1111 and x(3)1122 The component x3)1111 can be related to components of the molecu- 
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lar hyperpolarizability tensor (those contributing to the so- called scalar part of the fourth - 
rank tensor) in the following way: 
xi311111(- w4;wi, o2,w3) = Lw1Lw2L0)3Lw4N <y(- (04;wl,w2,w3)> 
where Lwi is the local field factor at frequency co. (often approximated by the Lorenz - 
Lorentz factor Lw = (nw2+ 2)/3) and: 
(7/ = 5 íY1111 +72222 +73333 + 271122 +271133 + 272233 ) 
The simplest case is that of an isotropic medium containing molecules with a single domi- 
nant component of y, say yllll (a reasonable approximation for rigid -rod it- conjugated 
molecules in which the hyperpolarizability component along the molecular axis is likely to 
be dominant); (7) = 5 71111 is then a reasonable approximation. 
1.2.2. Nonlinear optical processes 
Second -order nonlinearities are mostly used for various frequency mixing schemes. 
Among the possible processes, there are several which have specific technological 
applications and are therefore of significant interest: (i) second harmonic generation, i.e. 
the to + to -* 2w mixing process which doubles the energy of photons (e.g. to convert 
infrared into visible), (ii) the linear electrooptic (Pockels) effect, i.e. the to + 0 - to process 
which is often used to modulate the phase or amplitude of a light wave (to make it carry 
information), and (iii) parametric generation, i.e. the to -> w1 + w2 process which involves 
splitting an energetic photon into a sum of two less energetic ones (a popular way of 
generating laser beams at tunable wavelengths). 
There are many possible third -order nonlinear processes, some of which are important as 
valuable tools for nonlinear spectroscopy, while others have technological significance. The 
presence of x(3) in any substance (even air) means that all materials exhibit third -harmonic 
generation of laser frequencies. The direct process of third -harmonic generation is, how- 
ever, not usually exploited for generation of short wavelength laser beams, a cascade of two 
second -order mixing processes (w + w = 2w and 2w + w = 3w) being preferred for gen- 
eration of 3w from to (one reason for this is that phase matching is virtually impossible to 
obtain for third- harmonic generation). From the technological point of view, the most inter- 
esting applications of x(3) are those which correspond to all- optical interactions of light 
beams. For interacting fields of the same frequency (the degenerate case), the frequency 
mixing scheme is to - w + to -s w, which means that the interaction of three fields of the 
same frequency generates a fourth field of the same frequency. 
Optical power limiting has attracted considerable interest with applications such as the pro- 
tection of sensors from damage resulting from exposure to high energy laser pulses. In 
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principle, the direct two -photon absorption process is suitable for optical limiting, but prac- 
tical estimates show that power limiting properties of existing materials (even those with the 
largest two -photon absorption coefficients) are insufficient for the most important applica- 
tions, namely, the protection of sensors from laser pulses of duration of the order of 
nanoseconds. Another important process which affords optical limiting behaviour is reverse 
saturable absorption (RSA). If a substantial proportion of the population of molecules is 
excited from the ground state to the excited state, then the absorption of the material is no 
longer the same as that of the population of ground state molecules. A common phe- 
nomenon is saturable absorption (absorption bleaching), i.e. increase of sample transmis- 
sion as the ground state molecules are depleted. In order for reverse saturable absorption to 
take place, it is necessary that the excited state molecules exhibit a higher absorptivity at a 
given wavelength than the ground state molecules. The RSA phenomenon is thus a "photo - 
darkening" effect. The difference between the RSA process and two -photon absorption is 
that the two -photon absorption is virtually instantaneous whereas processes involving inter- 
mediate absorbing states exhibit certain kinetic behaviour, which is dependent upon the 
lifetimes of the states which are involved. As with refractive third -order nonlinearity, time - 
resolved investigations of the changes of absorptive properties are necessary to evaluate the 
mechanism of power limiting in a given system. 
1.2.3. Systems of units 
The two common unit systems employed for the description of nonlinear optical properties 
are the SI (or MKS) and Gaussian (or cgs) systems (Boyd27 mentions an alternative system 
of SI units which will not be discussed further in this review, as it has not been used with 
organometallic complexes). In the Gaussian system, properties are described in units of esu. 
The main source of confusion arises from the fact that not only do the units vary between 
each system, but the dimensions of the properties also vary: for example, the polarizability 
a has dimensions of length3 in the Gaussian system (units: cm3) but dimensions of charge 
length2 potential-1 (units: C m2 V -1) in the SI system. Furthermore, vacuum permittivity ep 
exists in the SI system (having units of F m-1) but has no equivalent in the Gaussian system 
(i.e. co = 1). It is important to be able to convert between the two systems, but care must be 
taken to ensure that not only are the units converted correctly, but that the quantities of in- 
terest are treated according to their different definitions in different systems. 
The dimensions of the first -, second- and third -order susceptibilities in both systems are 
simply derived from the polarizability power series equation.27 In the Gaussian system, po- 
larization P and electric field strength E have equivalent dimensions (units: statV cm-1 = 
statC cm-2 = (erg cm-3)1 /2), and are related by: 
P = X(1)E + x(2)E2 + x(3)E3 + ... 
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so that the electrostatic units of the susceptibilities are as follows: 
x(1) dimensionless 
units of x(2) = units of 1/E = cm statV-1 = (erg cm-3) -1/2 
units of x(3) = units of 1/E2 = cm2 statV-2 = (erg cm-3)-1 
The above units are traditionally written as esu for any of the above quantities. 
In the SI system, P and E have different dimensions (units of P: C m -2, and units of E: 
V m-1), and P is related to E by: 
P = Eo[x(1)E + x(2)E2 + X(3)E3 + ...] 
where eo = 8.85 x 10-12 F m-1. The units of the susceptibilities in the SI system are: 
x(1) dimensionless 
units of x(2) = units of 1/E = m V-1 
units of x(3) = units of 1/E2 = m2 v-2 
Similarly, the units for a, 13 and y in both SI and Gaussian systems can be derived from the 
equation describing polarization on the molecular scale (noting units µ5i: C m, and units 
kegs: statV cm2) and are given in Table 1.1. 
To convert x(1), x(2) and x(3) between the systems of units, it is also necessary to include a 
factor of 47t, as the displacement vector D is defined differently for the two systems. In the 
Gaussian system: 
and in the SI system: 
so that: 
Dcgs = Ecgs + 47CPcgs = Ecgs(1 + 47cx(1)cgs) 
D51= E0ES1 + PS1= EoESI(1 + x(1)SI) 
47txWegs = x(1)51 
To convert a, [3 and y between the systems of units, we utilize the fact that k in SI (units: C 
m) and µ in cgs (units: StatC cm) are defined the same way and, since 1 C = 3 x 109 StatC, 
the conversion factor is µS1 = 1/3 x 10-11 µcgs. The unit system conversions for the polariz- 
ability and hyperpolarizabilities can be deduced by analogy to the derivation of the suscep- 
tibilities (i.e. rearranging the equations and equating a51ES1 /µ0S1= acgsEcgs /11ocgs, etc). A 
summary of units and conversion factors for important properties is shown in Table 1.1. 
Reference 26 provides a discussion of the pitfalls which arise when applying conversion 
procedures between nonlinear properties defined in different ways. 
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Table 1.1. Units and conversion factors for important properties. 
Property System of units Conversion factor 
SI cgs 
Dipole moment p. C m statC cm = statV cm2 µst = 1/3 x 10 -11 cgs 
Electric field E V m-1 statV cm-1 = (erg cm-2)112 ESI = 3 x 104 Ecgs 
Linear polarizability a C m2 V -1 cm3 aSI = (1/3)2 x 10 -15 acgs 
Linear susceptibility x(1) dimensionless dimensionless x(1)Si = 47 x(1)cgs 
First hyperpolarizability (3 C m3 V -2 cm2 statV-1 = esu PSI = (1/3)3 x 10-19 ßcgs 
Second -order susceptibility x(2) m V -1 cm statV -1 = (cm3 g-1)1/2 = esu x(2)SI = (47/3) x 10 -4 x(2)cgs 
Second hyperpolarizability y C m4 V -3 cm5 statV -2 = esu YSI = (1/3)4 x 10 -23 legs 
Third -order susceptibility x(3) m2 V -2 cm2 statV-2 = cm3 erg-1 = esu x(3)SI = (47/32) x 10 -8 x(2)cgs 
Nonlinear absorption coefficient P2 in W -1 cm s erg-1 a 
Nonlinear refractive index intensity coefficient n2 m2 W -1 cm2 s erg-1 b n2SI = 103 x n2cgs 
Nonlinear refractive index coefficient n2' m2 V -2 cm2 statV -2 = cm3 erg-1 = esu n2SI = (1/3)2 x 10 -8 n2'cgs 
a Although these are the cgs units, the alternative non -cgs units cm W -1 or cm GW -1 are often used. 8 The alternative units cm2 W-1 are often used. 
1.3. Experimental techniques 
A variety of experimental techniques have been used to obtain both qualitative and quanti- 
tative information about the optical nonlinearities of materials. This section includes de- 
scriptions of those techniques which have been used, or have potential use, for the mea- 
surements of nonlinear optical properties of organometallics. For an excellent source of in- 
formation about other techniques the interested reader is directed to reference 28. 
1.3.1. Kurtz powder technique3o 
In this technique a laser beam is directed onto a solid microcrystalline ( "powder ") sample 
that is sometimes immersed in an index matching liquid. The emitted second harmonic 
light is collected, filtered, detected and compared with a standard (usually a urea powder for 
the organometallic complexes measured to date). This technique is crude: the magnitude of 
the response depends on particle size, and care must be taken in preparation of samples (for 
example, sieving samples to ensure a narrow particle size range). 
Materials can generally be classed as phase matchable or non -phase matchable (Figure 1.1). 
For a non -phase matchable material, the second harmonic is only generated effectively over 
distances smaller than the coherence length (the coherence length L, for a second harmonic 
process is related to the fundamental wavelength Xw and the refractive indices of the mate- 
rial at the fundamental nu and second harmonic n2W by L = [ñ.w /4(n2w- nw)1). For light 
paths smaller than the coherence length the intensity of the second harmonic increases with 
the square of the interaction distance, so for small crystal sizes there is an increase of the 
second harmonic intensity with the crystal size. However, when the crystal sizes are of the 
order of the coherence length (averaged over crystal orientations: the coherence length also 
depends on the direction of propagation of light in the crystal and on the polarization of 
the interacting fields), there is no further increase of the light intensity with the propagation 
distance and the powder SHG signal actually decreases, which can be understood as due to 
the fact that the number of crystals decreases as their sizes grow. For materials that are 
phase matchable, there is a direction of propagation for which the second harmonic 
intensity grows quadratically with the propagation path without a limit (the coherence 
length is formally infinite in such a direction). It follows that the SHG intensity should not 
show a falling -off behaviour in such a case because the decrease in the number of 
crystallites as they become bigger will now be compensated by the contribution from 
phase- matched interactions. Figure 1.1 shows the difference between the non -phase 
matched and phase- matched cases as predicted by Kurtz.3o 
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Figure 1.1. Dependence of the second -harmonic intensity on particle size. 
Results from Kurtz powder SHG studies do not have quantitative significance as the light 
intensities measured in the powder SHG technique depend on several factors. The magni- 
tude of the tensor components of the molecular hyperpolarizability (3 is only one of these 
factors. A very important issue is how the molecules are oriented in the unit cell of the 
crystal: in a centrosymmetric arrangement, the unit cell hyperpolarizability tensor compo- 
nents are all identically equal to zero, but even in noncentrosymmetric groups there may be 
very substantial differences in the nonlinear coefficients arising from packing the nonlinear 
molecules in different ways. Unit cell hyperpolarizability is transformed into macroscopic 
second -order susceptibility with the contribution of local field factors; this can modify the 
properties also. The efficiency for second harmonic generation depends critically on the 
coherence lengths, which depend in turn on crystal optics. The measured second harmonic 
intensities also depend on factors such as reflection coefficients at the crystal /air interfaces 
(introduction of an index matching fluid is therefore important) and absorption and scatter- 
ing of fundamental and second harmonic light. Given these complicating factors, the pow- 
der technique cannot be considered to give quantitative information about the molecular 
properties of molecules in the crystals being investigated. Observation of high power SHG 
is a good indication of large (3 for a compound while the absence of strong powder SHG 
does not necessarily preclude high molecular nonlinearities. 
Materials which crystallize in centrosymmetric space groups theoretically cannot exhibit 
second harmonic generation, so the applicability of this technique is limited as about three 
quarters of organometallic complexes crystallize centrosymmetrically. Despite the need for 
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noncentrosymmetric crystal packing and the reservations concerning the quantitative nature 
of the results, the Kurtz powder technique has been used extensively to characterize 
organometallics because it can be used to screen a large number of samples quickly, and is 
a convenient method for studying second harmonic generation of materials without the 
need to grow large single crystals. 
1.3.2. Solvatochromism 31,32 
Solvatochromism is the shift of the absorption spectrum of a molecule with varying solvent. 
The use of this phenomenon for the determination of (3 is based on the two -level micro- 
scopic model of the first hyperpolarizability, in which the infinite sum -over -states quantum 
perturbation expression for 13 is reduced to two states, the ground and excited states. This 
model allows (3CT ((3 in the direction of the charge- transfer axis) to be determined in terms 
of other measurable microscopic quantities, namely the ground to excited state transition 
energy weg (from in the electronic absorption spectrum), the transition dipole moment 
geg (from integration of the absorption band in the UV -vis spectrum), the ground state 
dipole moment µg (measured separately) and the excited state dipole moment µe. The last 
quantity is found by measuring the solvatochromic shift of ñmax of the solute, in solvents of 
varying polarity for which the dielectric constant and refractive index are known (or can be 
measured). The value for (3CT is then obtained from: 
3 2 µeg(µe 
-µg) 
RcT -2 (wég- (02)(wg -4(u2) 
This technique has been applied to organic compounds where charge- transfer is dominated 
by one transition; this is not often the case for organometallics. The applicability of this 
technique to organometallics thus far has not been tested; there are no reports where solva- 
tochromism has been used to examine the second order nonlinearities of transition metal 
organometallics, and only one report of its application to two organoboron compounds.33 
1.3.3. SHG measurements of single crystals and films34 
Detailed information about the components of the second -order susceptibility x(2)(- 
2w;w,w) can be obtained from second harmonic measurements on well defined samples 
such as single crystals or oriented thin films, the latter obtained by procedures such as the 
asymmetric Langmuir -Blodgett deposition technique or electric -field poling of NLO chro- 
mophore -doped polymers. In the case of single crystal samples the second harmonic is 
generated by a crystal with plane parallel surfaces and the distance of interaction of the 
fundamental and second harmonic radiation is varied by rotation of the sample about an 
axis perpendicular to the laser beam axis. This produces minima and maxima of the second 
harmonic which are called Maker fringes. Alternatively, a wedge made out of a crystal may 
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be used to vary the interaction length. The amplitude of the second harmonic is propor- 
tional to (x(2))2[Lcsin(L /Lc)12, L being the variable interaction distance and Lc the coherence 
length. Comparison of measurements with a well characterized material, such as quartz, al- 
lows x(2) to be determined. The coherence length is obtained from the periodicity of the 
signal and can be compared to that obtained from measurements of crystal refractive in- 
dices. The major disadvantage of the technique is the requirement for large (of the order of 
mm3) single crystals. Large crystals are difficult to obtain for organometallic complexes, 
and this is probably the main reason this technique has never been applied to purely 
organometallic materials. 
A second harmonic signal can also be obtained from thin films of some compounds if the 
films are made noncentrosymmetric. A technique similar to that of Maker fringe measure- 
ments can then be used to determine the second -order nonlinearity. Rotating a second -or- 
der optically nonlinear thin film deposited on a second -order inactive substrate (e.g. glass) 
will result in an angularly dependent second harmonic with no fringes, whereas a glass plate 
covered on both sides with an NLO film shows an angular dependence of the second har- 
monic with fringes similar to those obtainable from a crystal. Both for films and crystals, 
additional information about individual tensor components of x(2) can be obtained by 
varying the polarization of the fundamental radiation. An important issue is that these mea- 
surements determine the macroscopic nonlinearity and obtaining information about the 
molecular hyperpolarizabilities usually requires certain assumptions, e.g. about the nature 
of local field corrections. 
1.3.4. Electric -field induced second harmonic generation (EFISH) 
In the EFISH technique, a liquid or solution sample is subjected to a high voltage d.c. pulse 
to align molecules, the pulse being synchronized with the laser beam pulse. x(2) can then be 
observed in what was previously an isotropic medium. All materials will produce an EFISH 
signal as it is formally a third -order nonlinear process described by the susceptibility x(3)(- 
2w;w,w,0). There are two contributions to this susceptibility, one of them arising from the 
sum of the orientationally -averaged third -order hyperpolarizabilities 7(- 2w;w,w,0) of the 
medium, and another due to the vectorial sum of the components of the second -order hy- 
perpolarizabilities. Molecules that possess a permanent dipole µ partially align with the d.c. 
field, the degree of the alignment usually described in terms of the Langevin function. The 
net second -order effect can be shown to depend on the µßv product where jt. is the 
dipole moment of the molecule and ßvec is the vectorial component of the second -order 
hyperpolarizability (the hyperpolarizability 13 is a symmetric third -rank tensor which can be 
treated as being composed of a vector part and a septor part).35 In general, the directions of 
ßvec and of .t do not coincide. The effective hyperpolarizability measured by the EFISH 
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technique can be defined as I3EFISH' and is given by µ (3vec = µßEFiSH For molecules with 
strong electron donor and acceptor groups (at opposing ends of the molecule), PCT (the 
hyperpolarizability along the charge -transfer axis) usually accounts for most of ( 3FFISH 
A wedge shaped cell is used to hold a solution of the sample. This is translated in a 
direction perpendicular to the incident laser beam, creating Maker fringes whose periodicity 
is related to the wedge design and to the coherence length, which can therefore be 
determined. An analogous measurement can also be made on a reference wedge such as 
quartz, but most often a measurement on a pure solvent of well -known properties, e.g. 
chloroform, is used to calibrate the system. 
The EFISH third -order macroscopic susceptibility defined as F = 3x(3)(- 20);w,(0,0) is re- 
lated to the microscopic second hyperpolarizability y' by local field factors and the 
molecule number density. In turn, 13 can be obtained from y = y + µOEFiSII /(SkbT), where y 
is the effective second hyperpolarizability (third -order hyperpolarizability), y is the intrinsic 
second hyperpolarizability consisting of electronic and vibrational parts, kb is Boltzmann s 
constant and T is the temperature in K. In the experiment, comparison against a reference 
enables F values to be determined. In order to determine the µ(3EFISH product of an un- 
known substance, one usually performs EFISH measurements as a function of 
concentration in a well- characterized solvent; this concentration dependence study is 
necessary in order to resolve ambiguities occurring because the µßEFISH products for the 
solvent and the solute may be of the same or of opposite signs, and the SHG signal is 
proportional to the square of the EFISH susceptibility. Other quantities that may be 
required for the interpretation of the results are the dielectric constant, the permanent dipole 
moment, and the intrinsic second hyperpolarizability of the solute (found from a separate 
experiment or ignored). 
The application of EFISH to organometallics is limited to neutral complexes. The presence 
of ionic species makes it impossible to apply high electric fields to a solution. It is also not 
possible to utilize EFISH when the complex has no net dipole moment. 
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1.3.5. Hyper- Rayleigh scattering (HRS) 36,37 
The HRS technique involves detecting the incoherently scattered second harmonic light 
generated from an isotropic solution in order to determine the first hyperpolarizability. 
HRS is due to orientational fluctuations of asymmetric molecules in solution which give rise 
to local asymmetry, on a microscopic scale, in an isotropic liquid.37 The light scattered 
from such a system can have a component at the second harmonic that depends only on the 
first hyperpolarizability of the solute molecules, and varies quadratically with the incident 
intensity; an example of the data obtained from an HRS experiment is displayed in Figure 
1.2. 
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Figure 1.2. Quadratic dependence of '2w vs 1 for 
[Ru(4,4'- CaCC6H4C=CC6H4NO2) (PPh3)2(1i 5- C5H5)] 
. 
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Figure 1.3. Quadratic coefficient GB2 = G[Nsolventß2solvent + Nsoluteß2solutel, 
obtained from the curves in Fig. 1.2., vs Nsolute for the complex 
[Ru(4,4' -C=CC 6H4C= CC6H4NO2)(PPh3)2(t) 5- C5H5)l 
. 
The solute concentration has a linear relationship with the square of the nonlinearity of all 
of the molecules in the system (Figure 1.3.), so measurements of different concentrations of 
solute allow (32 to be extracted. 
The experimental setup for HRS is shown in Figure 1.4. A seed injected, Q- switched laser is 
used to pump the HRS cell. The incident intensity and polarization are controlled by a half - 
wave plate polarizer combination and monitored by a photodiode or energy meter. The in- 
cident beam is focussed into the sample solution. A concave mirror, with its focus at the in- 
teraction focal volume, and a lens are used to collect the scattered light which is filtered to 
isolate the second harmonic light, detected by a photomultiplier tube and averaged by a 
gated integrator. 
Advantages of HRS are: (i) its simplicity when compared to EFISH (there is no need for a 
d.c. field to be applied, and it does not need complementary measurements of µ or 7), (ii) 
its sensitivity to non -vector components of the ß tensor and (iii) unlike EFISH, it can be 
used to measure octopolar molecules and ionic molecules, the latter having important 
implications for organometallics where a particular system may have a range of accessible 
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oxidation states. Disadvantages of HRS include: (i) the need for sensitive detection and high 
intensity of the fundamental, due to the low intensity of the second harmonic light (high in- 
tensity of the fundamental may be detrimental to the experiment due to stimulated Raman 
or Brillouin scattering, self- focussing, or dielectric breakdown),28 (íí) it is only possible to 
find the magnitude of ß, due to the quadratic dependence on the HRS signal, and (Hi) HRS 
can give unreliable results when the complex fluoresces at the frequency -doubled wave - 
length.38 
Laser 
Beam Splitter 
Lens 
Concave Mirror 
Detector 
Filter 
Beam Dump 
Collecting Lens 
Filter 
Detector 
Figure 1.4. Schematic diagram of the HRS experiment. 
1.3.6. Third harmonic generation (THG) 
Third harmonic generation is used to study the purely electronic molecular second hyper - 
polarizability of centrosymmetric materials; no other mechanism but the nonresonant elec- 
tron cloud distortion can respond rapidly enough to produce a nonlinear polarization oscil- 
lating at the third harmonic.28 It is technically difficult because all materials exhibit THG, 
including any glass used for a sample cell and even air. One technique that avoids some of 
these problems involves placing the sample in a vacuum sealed cell inside a vacuum cham- 
ber. A simpler method involves using thick glass windows which allow the contribution 
from air to be ignored; the third -order susceptibility of the glass and solvent must be 
known. THG has been used to study x(3) in many organic and organometallic molecules, 
particularly those measured by EFISH for which an estimation of y is required to extract an 
accurate value of ß. 
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1.3.7. Degenerate four -wave mixing (DFWM) 
In this technique, two coherent "pump" beams interact within a material creating an interfer- 
ence pattern of light intensity. As the change in refractive index of a third -order material 
depends on the intensity of the applied field, a refractive index grating results which in the 
simplest case can be described by the dependence An(r) = n21(r) . When a third beam is in- 
cident on this grating, a fourth beam is generated, with the intensity of this beam 
proportional to the product of all the input intensities and to the square of the absolute 
value of the complex third -order susceptibility, i.e. 14 
-1%3)12111213. Experimentally, one 
laser is used and the beam is split to provide the pump beams and the probe beam. The so- 
called phase- conjugate geometry can be used for measurements, but with the use of very 
short subpicosecond laser pulses a BOXCARS geometry (Figure 1.5.) is more appropriate. 
Advantages of DFWM include: (i) the ability (by using various combinations of polariza- 
tions for the four beams employed in the experiment) to measure all of the independent 
x(3) tensor components of an isotropic medium, (ii) the fact that absolute and relative mea- 
surements of x(3) are possible,28 and (iii) the fact that the time dependence of the nonlinear 
response can be studied, permitting confirmation of its origin (off- resonance electronic 
nonlinearities which show a practically instantaneous response can be separated from slower 
processes giving contributions to the nonlinear refractive index). A difficulty in using 
DFWM signals for measuring nonlinear optical properties is that it is necessary to 
distinguish between contributions from the real and imaginary part of the third -order 
susceptibility. One way of doing this is to perform a series of measurements on solutions of 
a compound with varying concentrations in a non -absorbing solvent, and then interpret the 
concentration dependence of the DFWM signal as: 
1DFWM °C ic3) O0 NsolventYsolvent + Nsolute Re(Ísolute) 2 + Nsolute (isolute) 2 
where it is assumed that the solvent contributes only to the real part of the solution suscep- 
tibility, whereas the solute can contribute to both the real (refractive) and imaginary 
(absorptive) components. 
Degenerate four -wave mixing has been widely used for the study of organometallics. At 
present, it forms a complementary technique to the technically less difficult Z -scan, in that it 
can be used to verify that the origin of the observed nonlinearity is electronic in nature. 
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DFWM Signal 
Figure 1.5. Geometry of degenerate four -wave mixing (BOXCARS geometry) for short - 
pulse, time -resolved measurements of the nonlinear response. Beams 1, 2 and 3 are derived 
from a single laser beam by the use of a beam splitter and the beam paths are adjusted for 
the pulses to arrive simultaneously at the sample. By delaying one of the beams with respect 
to the others, time -resolved measurements can be performed. 
1.3.8. Z-scan 39 
Z -scan is a technique used to derive the nonlinear refractive index intensity coefficient n2 
(from which x(3) and y can be determined) by examining self -focussing or self -defocussing 
phenomena in a nonlinear material. Using a single Gaussian laser beam in a tight focus ge- 
ometry (Figure 1.6.), the transmittance of a nonlinear medium through a fixed aperture in 
the far field is measured as the position of the material is varied through the z direction. An 
example of a Z -scan trace is shown in Figure 1.7. for a nonlinear material with a positive 
nonlinear refractive index. At the start (A) (and end (E)) of the scan the sample is far from 
the focal plane, the intensity of the beam is low and so lensing is not observed. As the mate- 
rial approaches the focal -plane (B), lensing causes the beam to focus earlier and hence 
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reduces the measured transmittance. At the focal plane, z = 0 (C), there will be no change in 
transmittance as a thin lens at the focus will cause no change in the far -field. After the focal 
plane (D), slight focussing of the beam by the lensing of the material causes an increase in 
the measured transmittance. The measured, normalized energy transmittance from a Z -scan 
experiment is numerically fitted to equations derived from theory and allows the 
determination of n2, x(3) and y. 
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Figure 1.6. Z -scan experiment. 
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The shape of the Z -scan curve can be modified if a nonlinear absorption or nonlinear 
transmission (absorption bleaching) takes place in the sample, e.g. due to the presence of an 
imaginary part of x(3) of the material. The curves then become asymmetrical due to 
increased absorption or transmission when the sample is close to the focal plane. By 
analyzing the shape of such a modified Z -scan curve one can determine the nonlinear 
absorption coefficient R2 or the related imaginary part of x(3). Alternatively, to determine 
the nonlinear absorption properties of a sample, the total transmission through the sample 
can be monitored, i.e. the total intensity of the transmitted beam can be measured without 
an aperture, as a function of the sample position with respect to the focal plane. Such an 
experiment is usually referred to as an 'open aperture Z- scan ". It is often used for the 
investigations of materials with potential optical limiting properties. For solutions, the 
changes of the nonlinearity with concentration of the solution can be determined and 
measurements performed in an absolute manner, or results can be referenced to a known 
standard (e.g. the nonlinear refractive index of silica equal to n2 = 3 x 10.16 cm2 W-1 can 
be used). 
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Figure 1.7. Comparison of closed aperture Z -scans for pure thf and solutions of 
[ Au( 4,4'- C=CC6H4C =CC6H4NO2)(PPh3)]; thf, 0 1.56 weight %, 0 3.08 weight %. 
Advantages of the Z -scan technique include: (i) the ability to determine the sign and 
magnitude of the nonlinear refractive index, (ii) the ability to determine both the real and 
imaginary parts of x131, and (iii) simplicity (compared to DFWM) due to the single beam 
configuration. Disadvantages of Z -scan include: (i) the necessity for a high quality 
Gaussian beam and good optical quality of samples, and (ii) the absence of information on 
the temporal behaviour of the nonlinear response. The Z -scan technique has been used to 
determine the third -order nonlinear optical properties of organometallics as solutions and 
as thin films. 
1.3.9. Optical Kerr gate28 
In the optical Kerr gate experiment (Figure 1.8.), the sample is subjected to a linearly 
polarized pump beam which induces optical birefringence (and also, in some cases, optical 
dichroism, i.e. different absorption for different polarization sense). An almost collinear 
probe beam of known linear polarization (usually at 45' to that of the pump beam) is then 
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allowed to pass through the material, and the resultant intensity of the light that passes 
through a crossed polarizer is measured. The Kerr gate transmittance is proportional to the 
square of the nonlinear phase shift between the slow and fast axes of the induced 
birefringence, with the phase shift itself being proportional to (X(3)xxyy + x(3)xyyx) /pump. 
The quadratic dependence of the signal on the third -order susceptibility makes the Kerr 
gate experiment similar to DFWM: both the real and imaginary parts of x(3) contribute to 
the signal. A slightly modified experiment, heterodyne Kerr gate, can be used to resolve 
these two contributions. It should be mentioned that, for electronic nonlinearity, the 
measured sum of the tensor components is equal to (x(3)xxxx) Polarization ellipse 
rotation can be used as an auxiliary experiment to fully characterize the x(3) tensor. 
Advantages of these experiments include: (i) they are slightly simpler than DFWM 
(although not as simple as Z -scan) and (ii), as with Z -scan, both the real and imaginary parts 
of x(3) can be measured. Temporal dependence of the nonlinear response can be followed 
in a Kerr gate experiment as in any pump -probe type technique. A disadvantage is the 
necessity to run two independent experiments to determine all the tensor components of 
x(3). These techniques were developed before DFWM and Z -scan, and have largely been 
superseded as Z -scan and DFWM reveal more information from one experiment. 
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1 Detector 
Detecto 
1 
Polarizer 
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Figure 1 S. Setup of an optical Kerr gate experiment. 
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1.3.10. Power dependent transmission 
Information about nonlinear absorptive properties of a sample can be derived simply by 
measuring the sample transmission as a function of the incident light intensity. A linear 
dependence of the inverse transmission on the incident intensity can be used to determine 
the value of the nonlinear absorption coefficient (132). Because of the ease of determining 
the value of 132 with open- aperture Z -scan, Z -scan is often the preferred method for quickly 
determining the nonlinear absorption coefficient. 
1.3.11. Pump -probe experiments for excited state absorption (ESA) measurements 
Figure 1.9. shows an experimental setup to measure nonlinear transmittance by the pump - 
probe method. The pump is used to excite the sample and the transmission of the probe is 
measured. The probe beam may be delayed relative to the pump beam in order to perform 
time delay experiments. A continuum of frequencies may be used as the probe, thereby 
allowing a complete nonlinear absorption spectrum to be generated rather than investigate 
the change of absorption at a single frequency.28 The pump -probe technique has 
advantages such as the capability of generating information on a single laser shot, as well as 
the possibility of observing absorption changes at varying intervals after excitation. Pump - 
probe measurements of optical limiting have been carried out on very few organometallic 
complexes; results from these studies thus far are restricted to a range of tetrahedral metal 
clusters. 
Beam Source Frequency 
Doubler 
Pump Beam 
P robe 
Beam 
Sample 
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Figure 1.9. Pump -probe /OPL experiment. 
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1.3.12. Comparisons between experimental results 
There are several problems in comparing results obtained by different groups using the 
many experimental techniques which are available to investigate the NLO properties of 
molecules; the most important of these include dispersion effects, the measurement of 
different tensorial components, different physical processes contributing to nonlinearity, 
and solubility problems. 
The dispersion of NLO properties is a major source of problems. Measurements are 
frequently available at one wavelength only and the degree to which the results are 
influenced by material resonances close to the measurement wavelength is often difficult to 
quantify. It is possible to compensate for some of the dispersion effects in certain cases. For 
example, off -resonant dispersion of the second -order hyperpolarizability for linear 
intramolecular charge- transfer type molecules is reasonably well described by a two -state 
model in which parameters of the dominant excited state are assumed. A two -state model is 
probably not sufficient for more complicated second -order molecules, e.g. those with 
significant contribution to the nonlinearity from octopolar origins. Also, the simple two - 
state model is generally considered insufficient for describing the dispersion of the third - 
order nonlinearity; at least two excited states have to be considered. 
The tensorial character of the nonlinear polarizabilities is another experimental complica- 
tion. Experimental techniques only provide access to specific tensorial components or 
combinations thereof, e.g. the vector part of 13 or orientationally averaged y. An especially 
challenging issue is the correct measurement and interpretation of the third -order nonlinear 
effects when the degenerate susceptibility x(3)(- 6);o),- t1),6u) or the nonlinear refractive index 
n2 is being investigated. Variations of the refractive index may be due to a plethora of 
physical processes, not just changes in the charge density distributions in molecules; the 
measured NLO response may therefore contain many contributions which need to be 
identified and properly separated. The use of very short laser pulses (usually in the 
subpicosecond range) and time -resolved techniques is helpful in resolving unclear cases. 
An issue with NLO measurements on many organometallics is that the most convenient 
technique for investigating the nonlinearity (as solutions in common solvents) is of little 
value if the solubility of the compounds is not sufficiently high. For example, if the 
nonlinearity of a solution can be measured with a 10% accuracy and the compound being 
investigated can only be dissolved at 1% concentration, the practical limit of detection is 
that the nonlinearity of the organometallic has to be at least 10 times higher than that of the 
solvent. 
Finally, a source of major frustration for anybody trying to compare NLO results obtained 
by different techniques and from different research groups is the use of varying definitions 
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of the measured quantities and of varying measurement standards. This problem has been 
discussed in several monographs.26 -28 Several different definitions of x(3) are possible 
depending, for example, on the use or absence of the factor of 1/2 before the Fourier 
components of the a.c. electric field, and on the inclusion or exclusion in x(3) of so- called 
degeneracy factors which are dependent on the type of nonlinear process considered [as 
seen, for example, in Equation (1.2), different multipliers are present in front of the 
nonlinear terms responsible for different processes]. Thus, it is very helpful if the optical 
nonlinearities of well -known standards used or determined in a given series of experiments 
are provided by the authors of original papers in which data on new compounds are 
published. In many cases, because of the factors mentioned above, direct comparison of 
numbers quoted in different papers is unfortunately not possible: trends observed for a 
series of compounds in a single set of experimental results are relatively reliable, though. 
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1.4. Organo- transition Metal Complexes for Second - 
order Nonlinear Optics 
1.4.1. Bulk second -order measurements 
The SHG efficiencies of over three hundred organo- transition metal complexes measured 
utilizing the Kurtz powder method have been reported, but most responses are either very 
low or zero. Table 1.2. contains data for samples with reported Kurtz powder efficiencies 
greater than or equal to twice that of urea, with Figure 1.10. containing the structural 
formulae of complexes with very large (> 60 x urea) responses. 
Ferrocenyl -type complexes are prominent in Table 1.2., with many having SHG efficiencies 
comparable to efficient organic compounds (although these data are significantly smaller 
than the largest reported powder measurement for an organic: 1000 x urea for [N- 
MeC5H4N- 4-( E)- CH= CHC6H4- 4'- NMe2][MeC6H4SO3]).40 Complexes with ferrocenyl 
groups as donors and either organic or metal- organic acceptors are responsible for all of 
the very large powder responses for organometallics reported thus far. Large bulk 
nonlinearities are a function of both significant molecular nonlinearities and favourable 
crystal packing. As many types of organometallic complexes have been the subject of 
powder measurements, and have comparable molecular nonlinearities to ferrocenyl 
complexes, the implication is that ferrocenyl -based complexes have a greater proclivity for 
optimal lattice alignment. Two ruthenocenyl and osmocenyl complexes having identical 
cyclopentadienyl substituents feature in Table 1.2.; these complexes show little difference 
in their SHG efficiencies, but comment on the significance of intramolecular structural 
changes (metal variation in this case) upon bulk NLO merit is not warranted (this 
shortcoming of the powder technique was discussed in Section 1.3.1.). The iron analogue 
of these compounds has also been prepared and measured41 but has an SHG efficiency of 
only 0.8 x urea, in contrast to molecular measurements of the effect of metal variation 
where ferrocenyl complexes have been shown to be significantly more efficient than 
ruthenocenyl analogues (see Section 1.6.). Phosphine- containing complexes exhibit low to 
moderate SHG efficiencies, although they mostly have the donor -ft conjugated bridge - 
acceptor structure which should favour enhanced molecular nonlinearity. Comparison of 
the significant number of data for the group 10 MX(C6H4- 4- A)(PEt3)2 complexes reveals 
little difference in observed efficiency for systematic structural modifications. The 
usefulness of the Kurtz technique is to rapidly identify SHG activity; structure -NLO 
property correlations are not justified. 
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Table 1.2. (continued) Complexes with Kurtz powder efficiencies >_ 2 x urea. 
Complex SHG Fund Ref. 
(Urea = 1) (µm) 
[PtBr(C6H3-2-Me-4-NO2)(PEt3)2] 2.0-14.0 1.06 61 
[PdBr(C6H3-2-Me-4-NO2) (PEt3)2] 5.0-10.0 1.06 61 
[PtI(C6H4-4-NO2)(PEt3)21 5.0-8.0 1.06 61,62 
[Pt(NCO)(C6H4-4-NO2)(PEt3)2] 6.7-9.2 1.06 62 
[PdBr(C6H4-4-NO2)(PEt3)2] 2.1-7.2 1.06 61 
[PtBr(C6H4-4-NO2)(PEt3)2] 4.2 1.06 61,62 
[PtBr(C6H4-4-CHO)(PEt3)2] 1.5-3.4 1.06 61 
[PtCI(C6H4-4-NO2) (PEt3 )2] 3.0 1.06 62 
[PdI(C6H4-4-NO2)(PEt3)2] 2.3 1.06 61 
[PdBr(C6H4-4-CHO)(PEt3)2] 2.3 1.06 6],62 
[Pt(CN) (C6H4-4-NO2)(PEt3 )2] 2.0 1.06 62 
[Fe(N=CC6H4-4-Ph)((+)-diop)(p5-05H5)] [PF6l 4.2 1.91 63 
[Fe(N=C-(E)-CH=CHC6H4-4-NMe2)((+)-diop)(115-05H5)l [PF6l 3.3 1.91 63 
[Fe(NC6H4-4-C6H4-4-NO2)((+)-diop)(115-05H5)] [PF6] 38.0 1.91 63 
[Ru(NC6H4-4-NO2)((+)-diop)(115-05H5)] [CF3SO3] 10 1.06 64 
[Ru(N=CC6H4-4-NO2)((+)-diop)015-05H5)] [C1O4] 2.9 1.06 64 
[Ru(N=CC6H4-4-NO2)((+)-diop)(115-C9H5)] [PF6] 2.7 1.06 64 
[Au(CC6H4-4-NO2)((±)-nmdpp)] 2 1.06 65 
The powder technique can establish that a basic structural type is SHG active; once NLO 
activity of this type is confirmed, molecular modification has most impact when it affects 
packing in the solid state. Variation of counter ions can have a significant effect on the 
SHG efficiencies (see, for example, the first six entries in Table 1.2.). Marder and co- 
workers have shown that variation of counter -ions is a highly successful and very 
straightforward method to rapidly sample different lattice arrangements and thus engineer 
materials with large nonlinearities.44 Meredith has explained these results by proposing that 
Coulombic interactions in salts may negate deleterious dipolar interactions, enhancing the 
possibility of favourable noncentrosymmetric packing.66 
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Figure 1.10. Organometallic complexes with large x(2) measured by 
the Kurtz powder technique (units: multiples of urea response). 
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The design strategy of the variation of counter ions for optimizing bulk nonlinearity is 
clearly not applicable to neutral dipolar molecules. Possibilities for organizing favourable 
crystal alignment in neutral complexes exist, though, including the formation of guest -host 
inclusion complexes, and incorporation of chiral ligands. Results obtained thus far with 
guest -host inclusion complexes are unimpressive, but this may be a function of the included 
guest molecule; guest complexes with high molecular nonlinearities have not thus far been 
assayed. 
Table 1.3. contains results for complexes with chiral ligands, the incorporation of which 
should enforce the noncentrosymmetric packing required for observable bulk nonlinearity. 
Although this methodology has afforded materials with higher nonlinearities than those 
obtained by employing the guest -host inclusion complex strategy, the SHG efficiencies 
observed are still mostly quite low, showing that chiral ligands do not ensure large SHG. 
One major problem is that a noncentrosymmetric crystal lattice may be consistent with 
opposed molecular dipoles (see Figure 1.11.); observable bulk nonlinearity derives then 
from charge transfer to co- ligands involving much less electron polarization. 
Figure 1.11. Cell packing diagram for [ Ru( C= CC6H4- 4- NO2)(PMe3)2(t15-05H5)]. 
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Table 1.3. Kurtz powder measurements of complexes containing chiral ligands. 
Complex SHG Fund. Ref. 
(urea = 1) (µm) 
[(S)-Fe(p5-05H5)015-05H3-2-SiMe3-(E)-CH=CHC6H4 4-NO2)] 80 -100 1.91 51 
[(R)-Fe(Tl5-05H5)(15-05H3-2-CH2OH-(E)-CH=CHC6H4-4-NO2)] 20 1.91 51 
[(R)-Fe(115-05H5)(115-05H3-2-Me-(E)-CH=CHC6H4-4-NO2)] 6 1.91 51 
[(S)-Fe(r15-05H5)(115-05H3-2-Me-(E)-CH=CHC6H4-4-NO2)] 8.0 -8.4 1.91 47 -49 
[(S)-Fe(rl5-05H5)(tl5-05H3-2-Me-(E)-CH=CHC6H4-4-CN)] 1.2 -1.6 1.91 47 -49 
[(S)-Fe(rl5-05H5)(rl5-05H3-2-Me-(E)-CH=CHC6H4-4-CHO)] 1.8 -2.5 1.91 47 -49 
[(S)-Fe(rl5-05H5) (r15-05H3-2-Me-(E)-CH=CH-(E)-CH=CHC6H4-4-NO2)] 6.4 1.91 47 -49 
[ (S)-Fe(r15-05H5) { r15-05H3-2-Me-(E)-CH=CHC=CHCH=C(NO2)O } ] 17.0 -17.5 1.91 47 -49 
[(R)-FcCHMeSC5H4 4-NO2)] 0.8 1.06 41 
[ (S)-Ru(rl5-05H5) (tl5-05H4CHMeS C6H4-4-NO2)] 27 1.06 41 
[(S)-Os015-05H5)(rl5-05H4CHMeSC6H4-4-NO2)] 21 1.06 41 
[(R)-FcCHMe-2-SC5H3N-5-NO2)] 
-0 1.06 41 
[(S)-Ru(r15-05H5)(r)5-05H4CHMe-2-SC5H3N-5-NO2)] 1.9 1.06 41 
[(R)-FcCHMeNHC6H4-4-NO2)] 
-0 1.06 41 
[(S7-Ru(115-05H5)015-05H4CHMeNHC6H4-4-NO2)] -0 1.06 41 
[(S)-Os(15-05H5)015-05H4CHMeNHC6H4 4-NO2)] -0 1.06 41 
[(-)-FcCHMeOH] 0 1.06 41 
[(-)-Fe(rl5-05H5) {rl5-05H3(CHO)-2-CH2OH }] 0 1.06 41 
[ (-)-Fe(rl5-05H4CH2SMeO)2] 0 1.06 41 
[MoI(NO)(2-(-)-OCH2CHMeC10H6-6-OMe) { HB(dmpz)3 }] 0.007 1.91 54 
[MoC1(NO)(2-(-)-OCH2CHMeC10H6-6-OMe) { HB(dmpz)3 } ] 0.004 1.91 54 
[MoI(NO)(3-0-1,2:5,6-(CMe2)2-a-D-glucofuranose) { HB(dmpz)3 }] 0.245 1.91 54 
[MoI(NO)((1 S,2R,5S)-(+)-mentholate) { HB(dmpz)3 }] 0.074 1.91 54 
[WC1((R)-(+)-NHCHMePh)(NO){HB(dmpz)3}] 0 1.91 54 
[Mo((+)-NHCHMePh)(p-O-tpph2)(NO){HB(ámpz)3}] 0 1.91 54 
[Cr(CO)3(r16-(-)-a-ethyiphenethylalcohol)] 0.003e 1.06 67 
[Cr(CO)3 {116-(S)-CH3C(0)C6H4-2-CH(OH)COOH}] Oa 1.06 67 
[Cr(CO)3 {r16-(S)-PhCH(OH)COOH}] Oa 1.06 67 
[Cr(CO)3 { r16-(R)-PhCH(OH)COOH } ] Oa 1.06 67 
[Cr(CO)3016-(S)-PhCH2CHMeEt] 0.5e I.06 67 
[Cr(CO)3016-L-phenylaniline ethyl ester hydrochloride)] 0.2a 1.06 67 
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Table 1.3. (continued) Kurtz powder measurements of complexes containing chiral ligands. 
Complex SHG Fund. Ref. 
(urea=1) (µm) 
[Cr(CO)3(116-PhCHMeCH2OH)] Oa 1.06 67 
[(+)-Cr(CO)3(116-C6H4Me-2-CHO)] 0 1.06 41 
[(+)-Cr(CO)3{316-C6H4-2-CH2OHCH2OC(0)C15H31}] 0 1.06 41 
[(+)-Cr(CO)3(116-C6H4-2-Me-COOH)] 0 1.06 41 
[Cr(CO)2(nmdpp)(116-C6H4-1,4-Me2)] 0.003a 1.06 67 
[Fe(CO)4(nmdPP)] 0.003a 1.06 67 
[Mo(CO)5(nmdpp)] < 0.003a 1.06 67 
[W(CO)5(nmdpp)] 0.02a 1.06 67 
[Fe(NC6H4-4-NH2)((+)-diop)0]5-05H5)7[PF6] 0.0 1.06 63 
[Fe(N=CC6H4-4-NMe2)((+)-diop)(15-05H5)] [PF6] 0.2 1.91 63 
[Fe(N=CC6H44-Ph)((+)-diop)(115-05H5)] [PF6] 4.2 1.91 63 
[Fe(N°C-(É)-CH=CHC6H4-4-NMe2)((+)-diop)015-05H5)][PF6] 3.3 1.91 63 
[Fe(NC6H4-4-NO2)((+)-diop)(T15-05H5)] [PF6] 38.0 1.91 63 
[Fe(N-(E)-CH=CHC6H4-4-NO2)((+)-diop)(115-05H5)][PF6] 0.0 1.06 63 
[Fe(NsCC6H4-4-C6H4-4-NO2)((+)-diop)(115-05H5)][PF6] 0.0 1.91 63 
[Ru(=CC6H4-4-NO2)((+)-diop)(115-05H5)][MeC6H4-4-SO3] 0.4 1.06 64 
[Ru(N=CC6H4-4-NO2)((+)-diop)(T15-05H5)][C1] 0.5 1.06 64 
[Ru(N=CC6H4-4-NO2)((+)-diop)(715-05H5)][NO3] 1.2 1.06 64 
[Ru(NC6H4-4-NO2)((+)-diop)(115-05H5)][BF4] 1.9 1.06 64 
[Ru(N=CC6H4-4-NO2)((+)-diop)(115-05H5)][PF6] 2.7 1.06 64 
[Ru(N-CC6H4-4-NO2)((+)-diop)(115-05H5)][C1O4] 2.9 1.06 64 
[Ru(N-C6H44-NO2)((+)-diop)(715-05H5)][CF3SO3] 10 1.06 64 
[Au(C-C614-4-NO2)((+)-nmdpp)] 2 1.06 65 
a Measured relative to ADP: conversion of ADP = 0.3 x U was used.68 
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Optimizing molecular alignment is important for enhancing SHG efficiencies in 
noncentrosymmetric space groups. As was discussed above, the introduction of chiral 
ligands theoretically ensures noncentrosymmetry (although it does not preclude 
pseudocentrosymmetric arrangements), but it does not ensure the most favourable 
molecular arrangement in the lattice. Table 1.4. contains results for complexes with non- 
zero SHG for which the crystal structures have been reported, emphasizing the range of 
SHG intensities observed for complexes that crystallize in noncentrosymmetric space 
groups (and, incidentally, the range of values obtained for a single complex and the 
consequent lack of quantitative significance of Kurtz powder results). The complexes [015- 
05H5) 2Fe2( CO) 2( µ- CO)( g- C- (E)- CH= CHC6H4- 4- NMe2)][BF4], [MoC1(p-O- tpph2)(NO)- 
{11B(dmpz)3 }] and [Ru(C= CPhN= NC6H4- 4- OMe)(PPh3)2(15- C5H5)][BF4] crystallize in 
centric space groups but surprisingly give non -zero responses.52,53'69'70 A variety of 
reasons have been proposed to explain these results including SHG by the particle surfaces 
(which must of necessity be noncentrosymmetric), crystal defects (i.e. the existence of a 
noncentrosymmetric phase), decomposition in the laser beam due to the high power of the 
laser, or fluorescence. 
Second -order susceptibilities of a further 300 complexes have been reported,41- 44,47- 49,52- 
55,57- 62,64,67,69 -82 all of which are less than 2 x urea, with about 200 examples giving a 
zero response. About 100 complexes have been reported relative to ADP67'82 and 7 relative 
to quartz43'77 but, assuming conversion factors ADP = 0.3 x urea and quartz = 0.1 x 
urea,68 all of their nonlinearities are low. The complexes listed in Table 1.2. are not 
representative of all complex types that have been assayed; all examples investigated of 
[M(CO)3(116- arene)] (M = Cr, Mo, W), [M(CO)4(L)(1l 1 -N- pyridine)] (M = Cr, Mo, W; L = 
CO, PR3),67 [M(CO)4(bipy)] (M = Cr, Mo, W),73 [Ru(rl5- C5H5)(116- arene)]+ salts,74 
[Ru(C= CPhN= NR)(PPh3)2(rl5- C5H5)]+ salts,70 [Pt(C=CR)(C =CR')(PR "3)2],77,78,83 [WI(rl2_ 
RC=CR')(CO) {HB(dmpz)3 }],80 [(pentane- 2,4- dionato)ML2] (M = Pd, Rh, Ir; L = CO, 
PPh3),81 and [HgX {C6H3(2- R) -4 -Y }] complexes gave low (less than 2 x urea) responses. 
While most bulk material second -order measurements have been made on powders, other 
material forms have also been examined. Table 1.5. contains data of bulk second -order 
measurements performed on Langmuir- Blodgett monolayers containing organometallics. 
The molecular alignment achieved in Langmuir- Blodgett monolayers leads, perhaps not 
surprisingly, to little anion dependence compared with that observed in Kurtz powder 
measurements; the anions do not affect film- forming properties to the same degree as they 
affect crystal packing. 
37 
Table 1.4. Complexes with non -zero SHG for which the crystal structures are known. 
Complex SHG Fund. Space Ref. 
urea = 1 (µm) Group 
[(S)-Fe(115-05H5)(115-05H3-2-SiMe3-(E)-CH=CHC6H4-4-NO2)] 80-100 1.91 P21 51 
[(R)-Fe(115-05H5)(115-05H3-2-CH2OH-(E)-CH=CHC6H4-4-NO2)] 20 1.91 P21 51 
[(R)-Fe(115-05H5)(115-05H3 2-Me-(E)-CH=CHC6H4-4-NO2)] 6 1.91 P212121 51 
[Fc-(E)-CH=CH-4-05H4NMe)][NO3] 75-120 1.91 Cc 42-44 
[Fc-(Z)-CH=CHC6H4-4-NO2)] 62 1.91 Cc 46,48,49 
[FcCH=NC6H4-4-NO2)] 0.33 1.91 P212121 71 
[MoCl(NO){NHC6H3-3-Me-4-N=NC6H4-4-(115-05H4)Fe(115-05H5)1 {HB(dmpz)3]] 50-123 1.91 P21 53,54 
[WC1(NO){NHC6H3-3-Me-4-N=NC6H4-4-(115-05H4)Fe(115-05H5)}{HB(dmpz)3}] 8-53 1.91 P21 53,54 
[Re(OSO2CF3)(CO)3(bipy)] 1.7-2 1.06 P21 73 
[Cr(CO)3(116-C6H6)]:thiourea, 1:3 2.3 1.06 R3c 57-60 
[Fe(CO)3(114-1,3-cyclohexadienyl)]:thiourea, 1:3 0.4 1.06 Pna21 57-60 
[Mn(CO)3(r14-1,3-cyclohexadieny1)]:thiourea, 1:3 0.4 1.06 R3c 57-60 
[Fe(CO)3(trimethylenemethane)]:thiourea, 1:3 0.3 1.06 R3c 57-60 
[Cr(CO)3(116-tetrahydronaphthalene):tris(o-thymotide), 1:1 0.1 1.06 Pca21 58,60,84 
Table 1.4. (continued) Complexes with non -zero SHG for which the crystal structures are known. 
Complex SHG Fund. Space Ref. 
urea = 1 (µm) Group 
[PB(C6H4-4-NO2)(PEt3)2] 5.0-8.0 1.06 Cmc21 61,62 
[Pt(SnC13)(C6H4-4-NO2)(PEt3)2] 0.8 1.06 P21 62 
[Pt(SPh)(C6H4-4-NO2)(PEt3)2] 0.6 1.06 Pca21 62 
[1,3-(FcCH2)2 2-(=CCN2)-diazolidine] 0.67 1.06 P3221 76 
[Fe2(µ-C-(E)-CH=CHC6H4-4-NMe2)01-00)(CO)2015-05H5)2] [BF4] 0.77 1.91 P21/n 52,69 
[MoCI(p-O-tpph2)(NO) {HB(dmpz)3 ] ] 1.93 1.91 P1 53,54 
[Ru(C=CPhN=NC6H4-4-OMe)(PPh3)2(115-05H5)] [BF4] 1.05 1.06 P1 70 
Table 1.6. contains data of bulk second -order measurements performed on poled polymers 
containing organometallics. The three non -zero components of the second -order 
susceptibility, 4(2), have been measured for bimetallic complexes having a donor 
ferrocenyl group linked to either a 16 electron molybdenum- containing moiety or a nitro 
group. The data show that the off -diagonal component x310) is greater than the diagonal 
component, x33(2), suggesting that the transition dipole moment associated with the low - 
energy CT transitions has a component perpendicular to the permanent dipole moment and 
thus to the effective molecular axis. The 'bent' ortho substituted ferrocenyl derivatives have 
reduced susceptibilities in comparison with their para substituted analogues. 
Decay of SHG signals has been used to monitor the long -term stability of ferrocenyl 
chromophores copolymerized with methylmethacrylate85'86 or 1,6- diisocyanatohexane,86 
and pentacarbonyltungsten attached to polyvinylpyridine or styrene -vinylpyridine 
copolymer.87 The long term stability of the electro -optic response in polymers has also 
been probed; the electro -optic coefficient r3313 for p- dimethylaminonitrobenzene in a 
polycarbosilane was invariant after sixteen days.S8 
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Table 1.5. Results of bulk second -order measurements on Langmuir -Blodgett monolayers. 
Material xt1 
(10-7 esu) 
3 
(100 esu) 
)`'max 
(mn) 
Technique Fund. Ref. 
(µm) 
[Fc-(E)-CH=CH-4-0514N-1-Ct 6H33)] [Dy (4,4,4 F3 1 (2 naphthyl)-1,3-butanedionato) } 4] 2.8 150 560,330,286,256 SHG 1.06 89 
[Fc-(E)-CH=CHCH2-4-05H4N-1-C16H33)] [La(dibenzoylmethanato)4] 2.3 158 -349,-250 SHG 1.06 90 
(Fc-(E)-CH=CHCH2-4-05H4N-1-C 16H33)] [Nd(dibenzoy lmethanato)4] 2.2 137 -349,-250 SHG 1.06 90 
[Fc-(E)-CH=CHCH2-4-0514N-1-C 16H33)] [Dy(dibenzoylmethanato)4] 2.4 150 -349,-250 SHG 1.06 90 
[Fc-(E)-CH=CHCH2-4-0514N-1-C 16H33)] [Yb(dibenzoylmethanáto)4] 2.9 144 -349,-250 SHG 1.06 90 
(Fc-(E)-C1=CHCH2-4-05H4N-1-C16H33)]Br 2.9 110 240, 360 SHG 1.06 91 
[Fc-(E)-CH=CHCH2-4-05H4N-1-C16H33)]I 2.8 120 240, 360 SHG 1.06 91 
[Fe{115-05H4 (E)-CH=CH-4-C6H4-1-N(C18H37)2}{115-05H4CH=C(CN)C(0)NH2}] 60 -320 SHG 1.06 92 
[Fe{115-05H4-(E)-CH=CH-4-C6H4-1-N(C18H37)2} (115-05H4CH=CC(0)NHC(0)NHC(0)}] 180 SHG 1.06 93 
[Ru(N=CC6H4 4-C6H4-4-C6H4-4-05H11)(PPh3)2(15-05H5)l[PF6] 40 x 10-50 C3 m3 J-2 332 SHG 1.06 94 
Table 1.6. Results of bulk second -order measurements on poled polymers. 
Material X31(2) 
(10 -7 esu) 
Xi 5(2) 
(10-7 esu) 
7033( 2) 
(10 -7 esu) 
d 
(pm V -1) 
Technique Fund. 
(µm) 
Ref. 
[ MoC1 (NO)(NHC6H4- 4- Fc) {HB(mppz)3 }] 1.3 -0.5 0.4 Maker Fringe 1.06 95 
[MoC1(NO)(NHC6H4 -4-N= NC6H4- 4- Fc) {HB(mppz)3 }] 1.9 -0.7 0.6 Maker Fringe 1.06 95 
[MoC1(NO)(NHC6H3- 3- Me -4 -N= NC6H4- 4- Fc) {HB(mppz)3 }] 1.4 -0.4 0.4 Maker Fringe 1.06 95 
[MoCI(NO)(NHC6H3 3- Me -4 -N= NC6H4- 3- Me- 4- Fc) {HB(mppz)3 }] 1.5 -0.4 0.7 Maker Fringe 1.06 95 
[ MoCI( NO)( NHC6H4- 4- CH= CHC6H44- Fc)[HB(mppz)3 }] 2.4 -1.0 0.7 Maker Fringe 1.06 95 
[Fc- (E)- CH= CHC6H4- 4 -NO2] 6.6 -4.2 -2.4 Maker Fringe 1.06 95 
[FcC6H3- 4- Me -2 -N= NC6H3- 2- Me- 4 -N021 1.4 -0.9 -0.5 Maker Fringe 1.06 96 
[MoC1(NO)(NHC6H3-3- Me -4 -N= NC6H3- 3- Me- 2- Fc) {HB(mppz)3 }] 0.4 -0.4 0.3 Maker Fringe 1.06 96 
[Fe{ 115- C5H4C1=C( CN) CO2Et }[r15- C5H4CH2OC(0)CMeCH2)] a a a 1.72 SHG 1.06 97 
a Not reported. 
1.4.2. Molecular second -order measurements 
As can be readily ascertained from the Tables in this Section, researchers have mostly 
employed the EFISH or HRS techniques to measure second -order nonlinearities of 
organometallics. Although the initial interest in this field was in metal carbonyl -based 
complexes, the majority of the measurements are now of ferrocenyl- based complexes or 
metal acetylides. One reason for this may be pragmatic; despite the vast panoply of possible 
complex types which exists, ferrocenyl or acetylide complexes can be synthesized in high 
yield by well -established methodologies, both revealed large molecular nonlinearities in 
initial studies, and both are (comparatively) oxidatively and thermally stable, the latter an 
important consideration for (putative) longer -term device applications. 
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Figure 1.12. Ferrocenyl complexes with large (3. 
Table 1.7. contains molecular second -order data for ferrocenyl and ruthenocenyl 
complexes. Ferrocenyl -type compounds had been shown to exhibit large bulk material 
SHG efficiencies and, as a consequence, their molecular nonlinearities were investigated. 
Some of the observed nonlinearities are large, with the highest values corresponding to 
bimetallic species with metal -based acceptors as well as ferrocenyl donors (Figure 1.12.). 
The data are consistent with the ferrocenyl moiety acting as a reasonable donor in these 
donor -bridge- acceptor complexes, with observed nonlinearities comparable to those of 
analogous methoxyphenyl organics.98 
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Table 1.7. Molecular second -order NLO results for ferrocenyl and ruthenocenyl complexes. 
Complex Solvent ß a 
(10 -3° esu) 
)'max 
(nm) 
ßo 
(10-3° esu) 
Technique Fund. 
(µm) 
Ref. 
[FcCOCH3] p-dioxane 0.3 b EFISH 1.91 43,98,99 
[Fc-(E)-CH=CHC6H3 2,4-(NO2)2] b 20 536,545 b EFISH 1.91 50 
p-dioxane 23 366,536 b EFISH 1.91 99 
[Fc-(E)-CH=CHC6H4-4-NO2] b 34 500 b EFISH 1.91 50 
p-dioxane 31-34 356,496 b EFISH 1.91 43,98-101 
[Fc-(Z)-CH=CHC6H4-4-NO2] p-dioxane 13-14 325,480 b EFISH 1.91 43,98-100 
[Fc*-(E)-CH=CHC6H4-4-N021 p-dioxane 40 366,533 b EFISH 1.91 43,98-100 
[Fc-(E)-CH=CHC6H4-4-CN] p-dioxane 10-11 324,466 EFISH 1.91 98,100 
CHC13 203 473 34 HRS 1.06 102 
[Fc-(Z)-CH=CHC6H44-CN] b 4.0 308,460 b EFISH 1.91 98 
[Fc-(E)-CH=C(CN)C6H4-4-N021 p-dioxane 21 348,526 b EFISH 1.91 99 
[Fc*-(E)-CH=C(CN)C6H4-4-NO2] p-dioxane 35 366,560 b EFISH 1.91 99 
[Fc-(E)-CH=CHC6H4-4-CHO] p-dioxane 12-34 338,474 b EFISH 1.91 43,98,100 
[Ru(15-05Me9)(115-05H4NO2)] CH2C12 0.6 b b EFISH 1.91 43,98,99 
[Ru015-05H5)015-05H4-(E)-CH=CHC6H44-NO2)] p-dioxane 12-16 350,390 b EFISH 1.91 43,98-100 
[Ru(r15-05Me5)(115-05H4-(E)-CH=CHC6H44-NO2)] p-dioxane 24 370,424 b EFISH 1.91 43,98-100 
[Ru(r15-05Me5){T15-05H4-(E)-CH=C(CN)C6H44-NO2]] p-dioxane 24 370,443 b EFISH 1.91 99 
[Fc-(E)-CH=CH-(E)-CH=CHC6H4-4-NO2] p-dioxane 66 382,500 b EFISH 1.91 43,98-100 
Table 1.7. (continued) Molecular second -order NLO results for ferrocenyl and ruthenocenyl complexes. 
Complex Solvent 3 a 
(10 -30 esu) 
Xmax 
(nm) 
ßo 
(10 -30 esu) 
Technique Fund. 
(µm) 
Ref. 
[Fc-(E)-CH=CH-6-(4,8-dimethylazulene)] CHC13 8.6 334,396 b HRS 1.5 103 
[(S)-Fe(115-05H5)(15-05H3-2-SiMe3 (E)-CH=CHC6H4-4-NO2)] p-dioxane 36 357 b EFISH 1.91 51 
[(R)-Fe(rl5-05H5)(q5-05H3-2-CH2OH-(E)-CH=CHC6H44-NO2)] p-dioxane 43 362 b EFISH 1.91 51 
[(R)-Fe(r]5-05H5)(1)5-05H3-2-Me-(E)-CH=CHC6H44-NO2)] p-dioxane 24 359 b EFISH 1.91 51 
[FcH] CH3CN b 380 0.8 HRS 1.06 104 
[FcH] I3 CH3CN b 420 2.8 HRS 1.06 104 
[FcH]-(DDQ) CH3CN b 470 4.6 HRS 1.06 104 
[Fc1]-(TCNQ) CH3CN b 580 5.9 HRS 1.06 104 
[FcCH=NPh] CH3CN 460 14.2 HRS 1.06 104 
[FcCH=NPh].I3 CH3CN 550 111.2 HRS 1.06 104 
[FcCH=NPh] (DDQ) CH3CN b 567 121.6 HRS 1.06 104 
[FcCH=NPh] .(TCNQ) CH3CN b 589 132.0 HRS 1.06 104 
[FcCH=N-4-C6H4N=CHFc] CH3CN b 465 20.8 HRS 1.06 104 
[FcCH=N-4-C6H4N=CHFc]13 CH3CN 556 161.0 HRS 1.06 104 
[FcCH=N-4-C6H4N=CHFc]-(DDQ) CH3CN b 572 201.0 HRS 1.06 104 
[FcCH=N-4-C6H4N=CHFc] .(TCNQ) CH3CN b 588 246.0 HRS 1.06 104 
Table 1.7. (continued) Molecular second -order NLO results for ferrocenyl and ruthenocenyl complexes. 
Complex Solvent 13 a 
(10-30 esu) 
) max 
(nm) 
3e 
(10-30 esu) 
Technique Fund. 
(µm) 
Ref. 
[Fc-(E)-CH=CHC=CRu(PPh3)2(115-indenyl)] CH2Cl2 273 345 141 HRS 1.06 105 
[Fc-(E)-CH=CHCH=C=Ru(PPh3)2(115-indenyl)][BF4] CH2C12 117 301 73 HRS 1.06 105 
[Fc-(E)-CH=CH(r16-C6H5)Cr(CO)3] CHC13 193 304 119 HRS 1.06 102 
[Fc-(E)-(CH=CH)2(B6-C6H5)Cr(CO)3] CHC13 300 334 164 HRS 1.06 102 
[Fc-(E)-CH=CH-4-05H4N] CHC13 21 468 4 HRS 1.06 102 
[Fc-(E)-CH=CH-4-05H4NCr(CO)5] CHCI3 63 401 23 HRS 1.06 102 
[Fc-(E)-CH=CH-4-0514NMo(CO)5] CHC13 95 487 12 HRS 1.06 102 
[Fc-(E)-CH=CH-4-05H4NW(CO)5] CHC13 101 491 12 HRS 1.06 102 
[Fc-(E)-CH=CHC6H4-4-CNCr(CO)5] CHC13 271 481 39 HRS 1.06 102 
[Fc-(E)-CH=CHC6H4-4-CNW(CO)5] CHC13 375 487 48 HRS 1.06 102 
[FcC=C(r]7-C7H6)Cr(CO)3] CH2C12 570 600 105 HRS 1.06 106 
[Fc-(E)-CH=CH(117-C7H6)Cr(CO)3] CH2C12 320 670 113 HRS 1.06 106 
[(Fc-(E)-CH=CH-4-05H4N)2ReBr(CO)3] CHC13 24 501 b HRS 1.3 107 
[Fc(r16-BC5H5)Co(r15-05H5)][PF6] CH2C12 b 370,410(sh),650 90±30 HRS 1.06 108 
[Fc-(E)-CH=CHB(mes)2] CHC13 -24 336 b EFISH 1.91 109 
[FcCCB(mes)2] CHC13 4.4 336 b EFISH 1.91 109 
[(Fc-2-115-C4H3S)Mn(CO)3][BF4] CH3NO2 260 514 13 HRS 1.06 110 
[(Fc-(E)-CH=CH-2-115-C4H3S)Mn(CO)3][BF4] CH3NO2 670 536 -8 HRS 1.06 110 
[{Fc-((E)-CH=CH)2-2415-C4H3S)Mn(CO)3}[BF4] CH3NO2 771 548 -34 HRS 1.06 110 
Table 1.7. (continued) Molecular second -order NLO results for ferrocenyl and ruthenocenyl complexes. 
Complex Solvent pa 
(10 -3° esu) 
21/4'max 
(nm) 
ßo 
(10-30 esu) 
Technique Fund. 
(µm) 
Ref. 
[(Fc-(E)-CH=CH-3-r15-C4H3S)Mn(CO)3] [BF4] CH3NO2 305 480 45 HRS 1.06 110 
[(FcCHZ 2-r15-C4H3S)Mn(CO)3][BF4] CH3NO2 220 b b HRS 1.06 110 
[FcCH=C(SCH2Ph)C=NCMe2CH2O CHCI3 4.5 472 2.0 EFISH 1.34 111-113 
CHC13 2.9 472 2.1 EFISH 1.91 112,113 
[Fc-CH= CC(0)N(Et)C(S)N(Et)C(0) ] CHCI3 26 377 b EFISH 1.91 114 
[Fc-(E)-CH=CHCH= CC(0)N(Et)C(S)N(Et)C(0) ] CHC13 177 430 b EFISH 1.91 114 
[Fc-((E)-CH=CH)2CH= CC(0)N(Et)C(S)N(Et)C' (0) (Et)C(S)N(Et)C(0) ] CHC13 380 457 b EFISH 1.91 114 
[FcCH= CC{ =C(CN)21-2-C61-14S(0)2 CHC13 29 419 b EFISH 1.91 114 
[Fc-(E)-CH=CHCH= CC (=C(CN)2 } -2-C6H4S(0)21 CHC13 192 475 b EFISH 1.91 114 
[Fc-((E)-CH=CH)2CH= CC { =C(CN)2 }-2-C6H4S (0)2 ] CHC13 405 517 b EFISH 1.91 114 
[FcCH=C(S(0)CH2Ph} C=NCMe2CH2O] CHC13 8.4 470 3.7 EFISH 1.34 111-113 
[FcCH=C{S(0)2CH2Ph} C=NCMe2CH2O] CHC13 6.3 477 1.6 EFISH 1.34 112,113 
[Fc-(E)-CH=CHCH=C(SCH2Ph) C=NCMe2CH2O] CHC13 13.3 482 5.6 EFISH 1.34 112,113 
CHC13 8.8 482 6.1 EFISH 1.91 112,113 
[Fc-(E)-CH=CHCH=C{S(0)CH2Ph} C=NCMe2CH2O] CHC13 11.0 494 4.6 EFISH 1.34 112,113 
[FcC=CCH=C(SCH2Ph) C=NCMe2CH2O] CHC13 2.6 460 1.2 EFISH 1.34 112,113 
[FcCH=C(SCH2Ph)C=NCMe2CH2O -N,S-NiC12] CHC13 10.3 500 3.9 EFISH 1.34 112,113 
Table 1.7. (continued) Molecular second-order NLO results for ferrocenyl and ruthenocenyl complexes. 
Complex Solvent ß° X max ßo Technique Fund. Ref. 
(10-30esu) (nm) (10-30esu) (µm) 
CHCI3 7.14 511 2.55 EFISH 1.34 112,113 [FcCH=C(SCH2Ph)C=NCMe2CH2O -N,S-NiBr2] 
r i 
[FcCH=C(SCH2Ph)C=NCMe2CH2O -N,S-PdC12] CHC13 12.2 530 4.13 EFISH 1.34 111-113 
CHC13 9 530 5.8 EFISH 1.91 112,113 
[FcCH=C(SCH2Ph)C=NCMe2CH2O -N,S-PtC12] CHC13 16 523 5.2 EFISH 1.34 112,113 
[FcCH=C(S(0)CH2Ph}C=NCMe2CH2O -N,S-NiC12] CHC13 15.8 498 6.0 EFISH 1.34 112,113 
[FcCH=C{S(0)CH2Ph} C=NCMe2CH2O -N,S-NiBr2] CHC13 5.85 494 2.3 EFISH 1.34 112,113 
[FcCH=C{S(0)CH2Ph)C=NCMe2CH2O-N,S-PdCl2] CHC13 30.2 540 7.6 EFISH 1.34 111-113 
[FcCH=C(S(0)CH2Ph) C=NCMe2CH2O-N,S-PtCl2] CHC13 28.0 548 7.7 EFISH 1.34 112,113 
[Fc-(E)-CH=CHCH=C(SCH2Ph)C=NCMe2CH2O -N,S-PdC12] CHC13 58 567 14 EFISH 1.34 112,113 
CHC13 18.2 567 10.8 EFISH 1.91 112,113 
[Fc-(E)-CH=CHCH=C(S(0)CHzPh}C=NCMe2CH2O -N,S-PdC12] CHCI3 123.5 602 19 EFISH 1.34 112,113 
[FcC=CCH=C(SCH2Ph)C=NCMe2CH2O -N,S-PdC12] CHC13 33.6 558 8.5 EFISH 1.34 112,113 
a The uncertainties are quoted as ±10%. For lower responses (-1 x 10-30 esu) the uncertainty may be higher. b Not reported. 
The donor characteristic of the ferrocenyl group has been attributed to the low binding 
energy of the metal electrons,99 oxidation from the ferrocene to the analogous ferrocenium 
being a facile process. The overall effectiveness of the metal as a donor has been 
questioned, though, with the poor coupling between the metal centre and the substituent 
cited as a shortcoming of this class of complex;100 it is believed that the orthogonal 
relationship of the MLCT axis and organic chromophore is unfavourable. 
The UV- visible spectra of many of these complexes exhibit absorptions near the second 
harmonic region for the irradiating frequencies being employed; many of the reported [3 
values are therefore resonance enhanced. It is possible to apply the two -level correction to 
compute frequency- independent nonlinearities. However, both the it -rt* and MLCT 
transitions are reported by Marder et al to be significant,100 and the validity of a two -level 
approximation has therefore been questioned. In contrast to Marder's comments, it has been 
suggested by Loucif -Saïbi et al that the MLCT is dominant for monometallic ferrocenyl 
derivatives.112 The latter group has used a two -level correction to calculate the static 
hyperpolarizability ßo for some bimetallic ferrocenyl derivatives;112 based on the good 
correlation of (3o values obtained at two different frequencies, they argue that the MLCT is 
dominant and that the it -rt* transition is not an important contributor. The two -level 
correction has also been applied to some bimetallic sesquifulvalene complexes,106 where 
the ferrocenyl group is the donor and a (cycloheptatrienyl )tricarbonylchromium moiety is 
the acceptor. The evidence thus far is consistent with the two -level correction having some 
utility with organometallics when applied to a closely -related and systematically varied class 
of complexes, but that it must be applied with caution; examples exist of structural 
variations affecting both the MLCT and n -rt* transitions significantly,98 and in these 
instances the two -level model is not justified. 
The effect of metal replacement on (3 has been investigated using analogous ferrocenyl and 
ruthenocenyl complexes. Replacement of iron by ruthenium in [M(115-05H5)(115-05H4- 
(E)-CH=CHC6H4-4-NO2] leads to a reduction in [3, perhaps not surprisingly as ruthenium 
has a higher ionization potential than iron. Bimetallic complexes coupling 
[FcCH= C(SCH2Ph) C =NCMe2CH2O] to ligated group 10 metals have been 
investigated,112 with the second metal in almost all cases enhancing ß compared to the 
monometallic ferrocenyl precursor; for the acceptor ligated metals, the efficiency series 
PtC12 PdCl2 > NiC12 > NiBr2 was observed. Significantly, coordination of the 
functionalized ferrocenyl group to a ligated metal results in a larger two -level corrected (3o 
than coordination of the dimethylanilino group to the same metal, emphasizing once again 
that the ferrocenyl group is comparable in strength to the best organic donors. A 
correlation between Att (the difference in dipole moment between ground and excited 
49 
states) and Po has been found with the monometallic ferrocenyl derivatives, but not with the 
bimetallic derivatives.13 Examination of nonamethylferrocenyl analogues has permitted 
comment on the effect of making the iron more electron rich; the iron is the donor in these 
donor -bridge- acceptor complexes, and permethylating both rings results in an increase in 
nonlinearity over that of the related ferrocenyl complexes, as expected. An interesting 
comparison which was performed for [Ru(15- C5R5)(115- C5H4- (E) -CH= CHC6H4- 4 -NO2)] 
(R = H, Me) is the effect of permethylating only one of the rings; modifying the ring 
remote from the chromophore resulted in a 50 to 100 % increase in nonlinearity. The 
borabenzene derivative [ Fc(116- BC5H5)Co(r15- C5H5)][PF6] has a surprisingly large Po value 
despite the absence of linking units between the ferrocenyl and (borabenzene)cobalt 
moieties; related sesquifulvalene complexes lacking bridging units do not show measurable 
R 
A study104 of ferrocenyl derivatives of the type [FcR] (where R = H, CH =NPh, CH =N -4- 
C6H4N=CH-Fc) partially oxidized with a variety of reagents (I2, DDQ, TCNQ) found that (3 
increased as the strength of the oxidant decreased. Each of the partially oxidized complexes 
has 13 values an order of magnitude greater than the neutral complexes. The authors suggest 
that electron transfer from the ferrocene unit to the oxidant, resulting in a significant 
change in the dipole moment between the ground and excited states, is the reason for the 
increased optical nonlinearity. 
Related nitro [Fc- (E)- CH= CHC6H4- 4 -NO2] and dinitro [Fc- (E)- CH= CHC6H3- 2,4- (NO2)2] 
ferrocene derivatives have been assessed,50 with the 4 -nitro complex having a larger ß than 
the 2,4- dinitro complex. Two reasons have been suggested to rationalize this surprising 
observation. Firstly, EFISH measures the [3 component in the dipolar direction and the two 
complexes have different dipole moments, with the dipole of the dinitro complex less 
aligned with 13CT than is the dipole of the 4 -nitro complex. Secondly, introduction of the 
second nitro group may saturate the polarizability, with the second nitro group competing 
for oscillator strength in the excited state.50 Table 1.7. also permits comment on relative 
efficiencies of the bridging groups. For example, the trans- complex [Fc-(E)-CH=CHC6H4- 
4-NO2] has a higher nonlinearity than its cis -isomer, and [Fc- (E)- CH= CHB(mes)2] has a 
greater 13 value than [FcC =CB(mes)2)]; the greater efficiencies of E versus Z stereochemistry 
and double bond versus triple bond in linking units have been established previously with 
organic compounds. 
Table 1.8. contains data for a series of ferrocenyl complexes for which only µ-13 values are 
extant; in the absence of reported dipole moments, only an internal comparison is possible. 
The results are resonance enhanced and, as the applicability of the two -level correction is 
50 
Table 1.8. Molecular second -order NLO results for ferrocenyl, ruthenocenyl and di -iron complexes for which µ-R values have been reported 
Complex Solvent R 
(10-48 esu) 
max 
(nm) 
µRoc 
(10-48 esu) 
Ref. 
[Fc-(E)-CH=CHCHO] 
[Fc-((E)-CH=CH)2CHO] 
[Fc-(E)-CH=CH-(E)-CMe=CH-(E)-CH=CH-(E)-CH=CMeCHO] 
[Fc-((E)-CH=CH)2-(E)-CMe=CH-(E)-CH=CH-(E)-CH=CMe-(E)-CH=CHCHO] 
[FcCH=C(CN)21 
[Fc-(E)-CH=CHCH=C(CN)2] 
[Fc-((E)-CH=CH)2CH=C(CN)2] 
[Fc-(E)-CH=CH-(E)-CMe=CH-(E)-CH=CH-(E)-CH=CMeCH=C(CN)2] 
[Ru(115-05H5) { rl5-05H4-((E)-CH=CH)2CHO } ] 
[Ru(115-05H5) { T15-05H4CH=C(CN)2 } ] 
[Ru(r15-05H5){115-05H4 (E)-CH=CHCH=C(CN)2}] 
[Ru(115-05H5) {115-05H4((E)-CH=CH)2CH=C(CN)2 } l 
Acetone /CHCI3 60 367,480 
Acetone /CHCI3 215 330,494 
Acetone 560 398b 
Acetone 1150 430b 
Acetone /CHCI3 92 320,526 
Acetone /CHCI3 420 370,556 
Acetone /CHCI3 1120 406,568 
Acetone 4600 458b 
CHCI3 140 369, 381 
CHCI3 65 321,411 
CHCI3 410 362,449 
CHCI3 750 397,472 
[Ru(115-05H5)(r15-05H4-CH=CC(0)N(Et)C(S)N(Et)C(0) }] CHC13 90 368,458 
[Ru(115-05H5){115-05H4-(E)-CH=CHCH=CC(0)N(Et)C(S)N(Et)C(0) }] CHC13 390 409,508 
[Ru(r15-05H5){115-05H4-((E)-CH=CH)2CH=CC(0)N(Et)C(S)N(Et)C(0) }] CHC13 1000 530 
[Ru(115-CSHS)(115-05H4-CH=CC{=C(CN2)}-2-C6H4-S(0))2) ] CHCI3 105 414,541 
[Ru(r]5-05H5)(115-05H4-(E)-CH=CHCH=CC(=C(CN2)}-2-C6H4-S(0)2) ] CHC13 630 464,595 
[Ru(115-C H )(115-C H,-((E)-CH=CH) CH=CC{=C(CN2)}-2-C6114-S(0)2) ] CHCI3 1900 623 
42-49 [45] 114,115 
147-184 [165] 114,115 
440 115 
870 115 
60-80 [70] 114,115 
250-340 [300] 114,115 
660-875 [770] 114,115 
3300 115 
114 
114 
114 
114 
114 
114 
114 
114 
114 
114 
Table 1.8. (continued) Molecular second -order NLO results for ferrocenyl, ruthenocenyl and diiron complexes for which µß values have been reported.a 
Complex Solvent 1.1..13 Amax lt'(3oc Ref. 
(1045 esu) (nm) (1048 esu) 
[Fc- (E)- CH= CHC6H4- 4 -NO21 CHC13 140 362,508 116 
[Fc- ((E)- CH= CH)2C6H4- 4 -NO2] CHC13 300 390,510 116 
[FcCH= CC(0)N(Et)C(S)N(Et)C(0) I CHC13 100 379,579 116 
[Fc- (E) -CH =CHCH= CC(0)N(Et)C(S)N(Et)C(0) ] CHC13 850 427,618 116 
[ Fc-(( E)- CH= CH)2CH= CC(0)N(Et)C(S)N(Et)C(0)] CHC13 1900 457,632 116 
[FcCH= CC {= C(CN2) } -2- C6H4- S(0)2) ] CHC13 160 422,670 116 
[Fc- (E)- CH=CHCH= CC {= C(CN2) } -2- C6H4- S(0)2) ] CHC13 1400 476,724 116 
[ Fc- ((E)- CH= CH)2CH= CC {=C(CN2) } -2- C6H4- S(0)2) ] CHC13 3000 516,745 116 
[ Fee {µ -C= CHCH= CC(0)N(Et)C(S)N(Et)C(0) }(t- CO)(CO)2(115- C5H5)2] d 179 474 120 117 
[Fee(t- C= CH- (E) -CH= CHCH = CC(0)N(Et)C(S)N(Et)C(0) )(t- CO)(CO)2(i15- C5H5)2] d 1100 564 660 117 
[ Fee{ t- C= CH- ((E)- CH= CH)2CH= CC(0)N(Et)C(S)N(Et)(0) }(t- CO)(CO)2(r15- C5H5)2] d 3100 646 1500 117 
Measured by EFISH at 1.91 µm. Uncertainty of 5 -20 %. b Lower energy band obscured by band to higher energy. ° Since the UV -vis show two distinct bands, the two -level 
model was deemed unsuitable and not applied. The range of values (and average in square brackets) derived from the two -level model is shown. a Not reported. 
questionable (see above), a range of values was calculated for some examples; approximate 
static values were obtained by taking the average of this range. Two other assumptions were 
made in order to draw conclusions about ß in the absence of experimental .t: (i) that the 
major 3 component is nearly parallel to the dipolar direction and (ii) that t values exhibit a 
weak length dependence, both of which appear reasonable. The results from these studies 
suggest a µ130 = kn' relationship for n ene- linkages, with a values of 1.6 and 2.4 for the 
formyl and dicyanovinyl acceptor groups, respectively; larger µßp values and larger 
increases upon chain lengthening were obtained with the stronger acceptor. A metal 
comparison may be made between homologous iron and ruthenium complexes.114 The 
ruthenocene derivatives yield smaller µ(3 values than their ferrocene analogues but 
consideration should be given to the proximity of the absorption bands to the second 
harmonic, the effect of resonance enhancement being somewhat greater for the ferrocene 
complexes. Coupling of the metal centre to the polyene chain was also examined.115 The 
two absorption bands assigned to MLCT and 1t -ft* transitions approach one another with 
increasing chain length; for sufficiently long chain length, the bands overlap, suggesting 
mixing of these two bands resulting in increased coupling between the metal centre and the 
acceptor. 
Table 1.9. contains results from metal carbonyl complexes. In many cases, the dominant 
contribution to the nonlinearity is presumed to derive from the other ligands present, 
namely pyridines, arenes, carbenes and acetylides. The pyridine and arene complexes have 
negative 13 values, indicative of a decrease or even change in direction of dipole moment 
between ground and excited state. The data show that introduction of an electron accepting 
group onto the N- ligand leads to larger ß;I18,119 the acceptor substituent facilitates back - 
transfer of charge upon MLCT excitation, as well as providing lower energy n* orbitals. 
The expected increase in 13 values with increased conjugation length is also seen. 
Varying the metal has minimal impact on nonlinearity in N- ligand complexes, in contrast to 
its effects upon ß values in C- ligand compounds. Metal substitution across the series 
[M(CO)4(1,10- phen)] (M = Cr, Mo, W)118 has little effect on 13 values, but metal 
replacement for the carbene complexes [M(CO)5 {C(OMe)- (E)- CH= CHNMe2 }] (M = Cr, 
W) results in a significant difference in 13. Both metal and halogen replacement in 
[ MX( CO) 2( NC5H4- 4- (E)- CH= CHC6H4- 4- OCH2CHMeEt)] had minimal impact upon (3. 
The chromium arene complexes have much lower second -order responses than the 
chromium carbene complexes; unlike the arene complexes, the carbene complexes satisfy a 
suggested organometallic NLO chromophore design strategy (the metal positioned along 
the chromophore axis, and the presence of some M -C multiple bonding).98 
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Table 1.9. Molecular second -order NLO measurements for metal carbonyl complexes. 
Complex Solvent ßa `'max ßo Technique Fund. Ref. 
(10 -3° esu) (nm) (10-3° esu) (µm) 
[W(CO)5(NC5H44-NH2)] dmso -2.1 ± 0.3 290 EFISH 1.91 99,118,119 
[W(CO)5(NC5H44-Bu")] p-dioxane -3.4 328 EFISH 1.91 99,118,119 
[W(CO)5(NC5H5)] toluene -4.4 332 EFISH 1.91 99,118,119 
[W(CO)5(NC5H4-4-Ph)] CHCI3 
-4.5 330-340 EFISH 1.91 99,118,119 
[W(CO)5(NC5H44-COMe)] CHC13 
-9.3 420-440 EFISH 1.91 99,118,119 
[W(CO)5(NC5H44-CHO)] CHC13 
-12 420-440 EFISH 1.91 99,118,119 
[W(CO)5(NC5H44-(E)-CH=CHPh)] CHC13 
-5.7 302,440 EFISH 1.91 118 
[W(CO)5(NC5H4-4-(E)-CH=CHC6H44'-CHO)] CHC13 
-17 320,420 EFISH 1.91 118 
[W(CO)5(NC5H4-4-(E)-CH=CHC6H4-4'-NO2)] CHCI3 
-20 322,425 EFISH 1.91 101,118 
[W(CO)5(pyrazine)] CHCI3 6.0b EFISH 1.91 118 
[Cr(CO)4(1,10-phen)] CH2C12 
-13 500 EFISH 1.91 118 
[Mo(CO)4(1,10-phen)] CH2C12 
-13 496 EFISH 1.91 118 
[W(CO)4(1,10-phen)] CH2Cl2 
-13 492 EFISH 1.91 118 
[W(CO)4(5-NO2- 1,10-phen)] CH2C12 
-18 ° EFISH 1.91 118 
[Cr(CO)30-C6H6)] toluene -0.8 ± 0.08 310 EFISH 1.91 99 
[Cr(CO)3(fi6-C6H5OMe)] toluene -0.9 ± 0.09 310 EFISH 1.91 99,118,119 
[Cr(CO)3016-C6H5NH2)] p-dioxane -0.6 ± 0.06 313 EFISH 1.91 99,118,119 
[Cr(CO)3016-C6H5NMe2)] toluene -0.4 ± 0.04 318 EFISH 1.91 99,118,119 
[Cr(CO)3016-C6H5CO2Me)] toluene -0.7 ± 0.07 318 EFISH 1.91 99,118,119 
Table 1.9. (continued) Molecular second -order NLO measurements for metal carbonyl complexes. 
Complex Solvent (3 ° 
(10 -3n esu) 
xmax 
(nm) 
13o 
(10-30 esu) 
Technique Fund. 
(µm) 
Ref. 
[Cr(CO)3(T16-C6H5-(E)-CH=CHPh)] p-dioxane -2.2 ± 0.22 410 EFISH 1.91 99,118,119 
[Cr(CO)5{C(N-pyrrole)-5-(2,21-bithiophene)}] CHC13 18 335 10 HRS 1.06 120 
[Cr(CO)5{C(OMe)-(E)CH=CHNMe2}] CHC13 16 420 5 HRS 1.06 120 
[W(CO)5{C(OMe)-(E)-CH=CHNMe2}] CHC13 34 411 12 HRS 1.06 120 
[Cr{C--C=C(NMe2)2}(CO)5] DMF 21 372 9.5 HRS 1.06 121 
[W(C=C=C(NMe2)2}(CO)5] DMF 25 368 11 HRS 1.06 121 
[Cr{C=C=C(NMe2)CH=C(NMe2)2}(CO)5] DMF 22 388 9 HRS 1.06 121 
[Cr{C=C=C=C=C(NMe2)2)(CO)5] DMF 100 424 31 HRS 1.06 121 
[WI C=C=C=C=C(NMe2)2}(CO)5] DMF 102 424 31 HRS 1.06 121 
[Cr{C=C=C=C=C(NEt2)C(Me)=C(NMe2)2}(CO)5] DMF 125 418 40 HRS 1.06 121 
[IrCl(CO)2(NC5H4-4-(E)-CH=CHC6H4-4-OCH2CHMeEt)] CHC13 24.4 364 EFISH 1.91 122 
[RhCl(CO)2(NC5H44-(E)-CH=CHC6H44-OCH2CHMeEt)] CHC13 20.1 355 EFISH 1.91 122 
[RhBr(CO)2(NC5H4-4-(E)-CH=CHC6H4-4-OCH2CHMeEt)] CHC13 23.9 357 EFISH 1.91 122 
[Ru{C--C-(E)-CH=CH-4-05141\1-1-Cr(CO)5}(PPh3)2(r[5-indeny1)] CH2C12 260 ± 26 451 60 HRS 1.06 105,123,124 
[Ru{C-(E)-CH=CH-4-05H4N-1-W(CO)5}(PPh3)2(T15-indenyl)] CH2C12 535 ± 54 462 71 HRS 1.06 105,123,124 
[Ru {C C-(E)-CH=CHC6H4-4-C=NCr(CO)5}(PPh3)2(r15-indényl)] CH2C12 465 ± 47 442 119 HRS 1.06 105,123,124 
[Ru (C=C-(E)-CH=CHC6H44-C=NW(CO)5}(PPh3)2(r15-indenyl)] CH2C12 700 ± 70 456 150 HRS 1.06 105,123,124 
[Ru(C=NCr(CO)5}(PPh3)2(r15-indenyl)] CHZCl2 25 ± 2.5 392 10 HRS 1.06 105,123,124 
[Ru{C=NW(CO)5}(PPh3)2015-indeny1)] CH2Cl2 40 ± 4 392 15 HRS 1.06 105,123,124 
Table 1.9. (continued) Molecular second -order NLO measurements for metal carbonyl complexes. 
Complex Solvent (3° Imax ßo Technique Fund. Ref. 
(100 esu) (nm) (10-30 esu) (10m) 
[Fc-2-C4H3S { Mn(CO)3 } ] [BF4] CH3NO2 260 514 13 HRS 1.06 110 
[Fc-(E)-CH=CH-2-(015-C4H3SMn(CO)3}][BF4] CH3NO2 670 536 -8 HRS 1.06 110 
[Fc-((E)-CH=CH)2-2- 015-C4H3SMn(CO)3 } ] [BF4] CH3NO2 771 548 -34 HRS 1.06 ] 10 
[Fc-(E)-CH=CH-3-{015-C4H3SMn(CO)3}][BF4] CH3NO2 305 480 45 HRS 1.06 110 
[FcCH2-2-{015-C4H3SMn(CO)3 } ] [BF4] CH3NO2 220 G HRS 1.06 110 
[Mn(CO)3(015-C4H3S-2-(E)-CH=CHC6H4-4-OMe)][BF4] CH3NO2 252 415 84 HRS 1.06 110 
[Mn(CO)3(015-C4H3S-2-(E)-CH=CHC6H4-4-Me)][BF4] CH3NO2 355 405 127 HRS 1.06 110 
[Mn(CO)3(015-C4H3S-2-(E)-CH=CHPh)] [BF4] CH3NO2 413 390 165 HRS 1.06 110 
[Mn(CO)3(T15-C4H3S-2-(E)-CH=CHC6H4-4-Br)][BF4] CH3NO2 534 393 209 HRS 1.06 110 
[Mn(CO)3(015-C4H3S-2-(E)-CH=CHC6H4-4-NO2)] [BF4] CH3NO2 613 400 229 HRS 1.06 110 
[Mn(CO)2(PPh3)(Tl5-C4H3S-2-(E)-CH=CHC6H44-NO2)][BF4] CH3NO2 700 384 292 HRS 1.06 110 
[Mn(CO)3(016-C6H4NMe2-4-(E)-CH=CHC4H3S)][BF4] CH3NO2 377 470 67 HRS 1.06 110 
[Mn(CO)3015-05H4C0H6)][BF4] CH2C12 45 536 HRS 1.06 125 
MeCN 38 506 HRS 1.06 125 
[Mn(CO)2(P(OMe)3}(015-0514C7H6)][BF4] CH2C12 54 612 HRS 1.06 125 
MeCN 53 581 HRS 1.06 125 
[Mn(CO)2(PPh3)(015-05H4C7H6)] [BF4] CH2C12 29 643 HRS 1.06 125 
MeCN 39 630 HRS 1.06 125 
Table 1.9. (continued) Molecular second -order NLO measurements for metal carbonyl complexes. 
Complex Solvent ß° `'max ßo Technique Fund. Ref. 
(10-30 esu) (nm) (10-30 esu) (µm) 
[Mn(CO)3015 -05H4C CC7H6)][BF4] CH2C12 40 537 HRS 1.06 125 
MeCN 94 491 HRS 1.06 125 
[Mn(CO)2 {P(OMe)3 }(115 -05H4C CC7H6)][BF4] CH2C12 50 649 HRS 1.06 125 
MeCN 151 583 HRS 1.06 125 
[ Mn( CO )2(PPh3)(115- C5H4C=CC7H6)][BF4] CH2C12 44 740 HRS 1.06 125 
MeCN 73 650 HRS 1.06 125 
[FcC=C(117- C7H6)Cr(CO)3] CH2C12 570 600 105 HRS 1.06 106 
[Fc- (E)- CH= CH(117- C7H6)Cr(CO)3] CH2C12 320 670 113 HRS 1.06 106 
[Fc(116- BC5H5)Co015- C5H5)] CH2C12 C 370,410(sh),650 90 ± 30 HRS 1.06 108 
a Uncertainties not shown have not been quoted. b Absolute value of p. C Not reported. 
The sesquifulvalene complexes have significantly larger nonlinearities, illustrating one 
important advantage of organometallics, namely stabilization of reactive organic species. 
Sesquifulvalenes were predicted computationally to have large nonlinearities, but their high 
reactivity has prevented experimental confirmation. Stabilization by coordination to 
transition metal(s) permits assessment experimentally. 
The metallacumulene complexes also show minimal impact of metal variation upon 
nonlinearity. The measured 13 values show a chain length dependence but, interestingly, the 
insertion of a conjugated C2 unit only slightly enhances 13 while the insertion of a 
cumulated unit leads to a quadrupling. 
Each of the (thiophene)manganese complexes shows substantial (3 values,110 although a 
large resonance enhancement contribution is present. The (thiophene)Mn(CO)3+ centre is 
reported to act as an effective excited state acceptor. 
The ruthenium indenyl complexes have second -order data that are strongly resonance 
enhanced; there is little difference between the two -level corrected ¡3o values of the related 
chromium- and tungsten- containing complexes, the lack of significance of metal 
replacement being consistent with the observations in the [M(CO)4(1,10- phen)] series 
above. The 130 values are much larger than those of the other carbonyl- containing 
complexes, and amongst the largest values reported thus far for organometallic complexes. 
Table 1.10. contains data from acetylide complexes, with Figure 1.13. showing 
representative examples with large nonlinearities. Humphrey, Gimeno, Persoons and their 
co- workers have prepared and measured systematically- varied series of ruthenium, nickel 
and gold acetylides. Dispersion- enhanced experimentally- obtained and two -level- corrected 
quadratic nonlinearities for the ruthenium examples increase on chain -lengthening from 
one -ring to biphenyl and yne- linked two -ring acetylide ligand, with the ene- linked two -ring 
acetylide the most efficient. Although the data for ruthenium acetylide complexes are 
substantially resonance enhanced, their absolute values (both experimentally- observed and 
two -level- corrected) are much larger than those for the gold complexes, consistent with the 
18 valence electron, more easily oxidizable, ruthenium(II) being a better donor than the 14 
valence electron, less readily oxidizable, gold(I). The Ph3PAu(C =C) unit has comparable 
efficiency to the strongest organic donors, suggesting that the more efficient oxidizable 18 
valence electron organometallic complexes can provide access to stronger donors than are 
possible in organic systems. Data from the (cyclopentadienyl )(triphenylphosphine)nickel 
acetylides with an 18 electron, but less easily oxidizable metal are also substantially 
resonance enhanced, although the relative orderings were maintained with two- level- 
corrected values. 
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Table 1.10. Molecular second -order NLO measurements for metal acetylide complexes. 
Complex Solvent ß° 2`'max ßo Ref. 
(100 esu) (nm) (10-30 esu) 
[Ru(C-CPh)(PPh3)2(115-05H5)] thf 89 310 45 123,126 
[Ru(C=CC6H4-4-NO2)(PPh3)2(T15-05H5)] thf 468 382,460 96 123,127 
[Ru(C=CC6H4 4-NO2)(PMe3)2(T15-05H5)] thf 248 279,477 39 123,127 
[Ru(C=CC6H4-4-C6H4 4-NO2)(PPh3)2(T15-05H5)] thf 560 310,448 134 123,126 
[Ru(C=CC6H4-4-(E)-CH=CHC6H4 4-NO2)(PPh3)2(ta5-05H5)] thf 1455 341,476 232 123,127 
thf 1464° 341,476 234 123,127 
CH2C12 186d 478 105 128 
[Ru(C=C-2-0514N)(PPh3)2(T15-05H5)] thf 18 331 10 129 
[Ru(C=C-2-05H3N-5-NO2)(PPh3)2015-05H5)] thf 622 468 113 129 
[Ru(C=ÇC6H4-4-C=CC6H4-4-NO2)(PPh3)2(115-05H5)] thf 865 340,446 212 123,126 
[Ru(C=CC6H4-4-N=CHC6H4-4-NO2)(PPh3)2(115-05H5)] thf 840 298,496 86 123,127 
thf 760c 298,496 78 123,127 
[Ru(C=CC6H4-4-(E)-CH=CH-2-C4H2S-5-NO2)(PPh3)2(1i5-05H5)] CH2C12 294 533 138 128 
[Ru(C=C-2-C4H2S-5-(E)-CH=CHC6H4-4-NO2)(PPh3)2015-05H5)] CH2C12 333 522 163 ] 28 
[Ru(C=CC6H4 4-C=C-2-C4H2S-5-NO2)(PPh3)2(r15-05H5)] CH2C12 210 505 109 128 
[Ru{C (2-C4H2S-5-(E)CH=CH)2C6H4-4-NO2}(PPh3)2015-05H5)] CH2C12 419 536 195 128 
[Ru(C=CC6H4 4-N=CH-2-C4H2S-5-NO2)(PPh3)2(T15-05H5)] CH2C12 308 562 129 128 
[Ru(C=CC5H4NMe)(PPh3)2(T15-05H5)][PF6] CH2C12 80 460 16 130 
[Ru(C=CC6H4-4-(E)-CH=CH-4-05H4NMe)(PPh3)2(T15-05H5)][PF6] CH2Cl2 1600 582 154 130 
Table 1.10. (continued) Molecular second -order NLO measurements for metal acetylide complexes. 
Complex Solvent ßa )`'max ßo Ref. 
(10-30 esu) (nm) (10-30 esu) 
[Ru(C=CC6H4-4-C=C-4-05H4NMe)(PPh3)2(rl5-05H5)][PF6] CHZCIZ 1400 558 102 130 
[Ru(C=CC6H4-4-NO2)(PPh3)2(15-indenyl)] CH2C12 746 476 119 105,123,124 
[Ru(CC6H4-4-NO2)(dppe)(115-indenyl)] CH2Cl2 516 459 107 105 
[Ru(CC6H4-4-NO2)(dppm)015-indeny1)] CH2C12 540 456 117 105 
[Ru(C .C-(E)-CH=CHC6H4-4-NOZ)(PPh3)2(r15-indenyl)] CH2C12 1257 507 89 105,123,124 
[Ru(C-(E)-CH=CHC6H4-4-CN)(PPh3)2015-indenyl)] CH2C12 238 427 71 105,123,124 
[Ru(C--C-(E)-CH=CH-(E)-CH=CHC6H4-4-NO2)(PPh3)2(T15-indenyl)] CH2C12 1320 523 34 105,123,124 
[Ru(C-(E)-CH=CH-4-0514N)(PPh3)2(T15-indenyl)] CH2Cl2 100 399 37 123,124 
[Ru(C=-CC6H4-4-CC6H4-4-NO2)(PPh3)Z(T15-indenyl)] CHZC12 1027 463 202 105 
[Ru(CC6H4-4-N=CHC6H4-4-NO2)(PPh3)2(T15-indenyl)] CHZC12 1295 509 85 105 
[Ru(C-(E,Z)-CH=CH-2-C4H2O-5-NO2)(PPh3)2()15-indenyl)] CH2C12 908 550 43 105 
[Ru(C-(E)-CH=CH-2-C4H2S-5-NO2)(PPh3)2015-indeny1)] CH2Cl2 487 598 88 105 
[Ru{CCH=C(C6H4-3-NO2)2](PPh3)2(T)5-indenyl)] CH2C12 48 345 25 105 
[Ru {C=C-(E)-CH=CH-4-05H4N-1-Cr(CO)5J(PPh3)2(T15-indenyl)] CHZCIZ 260 451 60 105,123,124 
[Rut C-_(E)-CH=CH-4-05H4N-1-W(CO)5}(PPh3)2(T15-indenyl)] CH2C12 535 462 71 105,123,124 
[Ru{C=C-(E)-CH=CHC6H4-4-C=NCr(CO)5J(PPh3)2(T15-indenyl)] CH2C12 465 442 119 105,123,124 
[Ru{C-(E)-CH=CHC6H4-4-C=-NW(CO)5J(PPh3)2015-indenyl)] CH2C12 700 456 150 105,123,124 
[Ru[C-(E)-CH=CHC6H4 4-C=NRu(NH3)51(PPh3)2(T15-indenyl)]3+ acetone 315 442 80 105,123,124 
[Fc-(E)-CH=CHCRu(PPh3)2(15-indenyl)] CH2C12 273 345 141 105 
Table 1.10. (continued) Molecular second -order NLO measurements for metal acetylide complexes. 
Complex Solvent ßa 
(10 -30 esu) 
`'max 
(nm) 
ßo 
(100 esu) 
Ref. 
trans-[Ru(C.-Ph)C1(dppm)2] thf 20 308 12 132 
trans-[Ru(C-C6H44-NO2)Cl(dppm)2] thf 767 473 129 132 
trans-[Ru(C=CC6H44-C6H44-NO2)C1(dppm)2] thf 933 465 178 132 
trans-[Ru(CC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppm)2] thf 1964 490 235 132 
trans-[Rll(C=C-2-05H4N)Cl(dppm)2] thf 35 351 19 132 
trans-[Ru(C=C-2-05H3N-5-NO2)Cl(dppm)2] thf 468 490 56 132 
[1-(HC=C)-3,5-C6H3{trans-C=CRuCI(dppm)2}2] thf < 42 323 < 24 133 
[Au(C=CPh)(PPh3)] thf 6 268,282,296 4 123,134 
[Au(C=CC6H4-4-NO2)(PPh3)] thf 22 338 12 123,134 
[Au(CC6H4-4-C6H4-4-NO2)(PPh3)] thf 39 274,287,350 20 123,134 
[Au(C-CC6H44-(E)-CH=CHC6H4-4-NO2)(PPh3)] thf 120 303,386 49 123,134 
[Au(C-C6H44-(Z)-CH=CHC614-4-NO2)(PPh3)] thf 58 298,362 28 123,134 
[Au(C°CC6H4-4-C=CC6H44-NO2)(PPh3)] thf 59 301,362 28 123,134 
[Au(C=CC6H4-4-N=CHC6H44-NO2)(PPh3)] thf 85 297,392 34 123,134 
[AU(C-2-0514N)(PPh3)] thf 7 300 4 129 
[Au(C=C-2-05H3N-5-NO2)(PPh3)] thf 38 339 20 129 
[Au(CC-2-05H3N-5-NO2)(PMe3)] thf 12 340 6 129 
[1,3,5-C6H3(C=CAuPPh3)3] thf 6 298 4 133 
Table 1.10. (continued) Molecular second -order NLO measurements for metal acetylide complexes. 
Complex Solvent ßa max ßo Ref. 
(10 -30 esu) (nm) (10 -30 esu) 
[Ni(C..CPh)(PPh3)(715-05H5)] thf 24b 307 15 135 
[Ni(C=CC6H4-4-NO2)(PPh3)(t15-05H5)] thf 221 368,439 59 135 
[Ni(CC6H4-4-C6H4-4-NO2)(PPh3 )(115-05H5)] thf 193 263,310,413 65 135 
[Ni (C=CC6H4-4-(E)-CH=CHC6H4-4-NO2) (PPh3)015-05H5 )] thf 445 313,437 120 135 
[Ni (C=CC6H44-(Z) -CH=CHC6H4-4-NO2)(PPh3 )015-05H5)] thf 145 307,417 47 135 
[Ni(C=CC6H4-4-C=CC6H4-4-NO2)(PPh3 ) (115-05H5 )] thf 326 313,417 106 135 
[Ni(CC6H4-4-N=CHC6H4-4-NO2)(PPh3)(115-05H5)] thf 387 282,448 93 135 
[Ni(C=-C-2-05H4N) (PPh3)(115-05H5)] thf 25 415 8 129 
[N1(C-2-05H3N-5-NO2)(PPh3 )(1) 5-05H5)] thf 186 456 41 129 
[ 1-(C=C)-3,5-C6H3 { C=CNi(PPh3)(115-05H5)121 thf 94 316 55 133 
a Uncertainty of ±10%. Measured by HRS at 1.06 µm. b Uncertainty of ±20%. C Measured by EFISH at 1.06 µm.d Measured by HRS at 1.54 µm. 
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Figure 1.13. Acetylide complexes with large ¡3. 
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Trends observed in chromophore variation are consistent across the ruthenium, gold and 
nickel complexes. Figure 1.14. shows the relative merit of these varying ligated metal 
centres, with the Ru(PPh3)2(1-15 -05H5) unit ten and three times as efficient as the Au(PPh3) 
and Ni(PPh3)(r15 -05H5) moieties, respectively (experimental data). 
These structural changes involve the donor group of a donor -bridge- acceptor system; it was 
therefore expected that a more electron donating (electron rich) ligand at the donor metal 
would increase the molecular hyperpolarizability. This was confirmed in the substitution of 
cyclopentadienyl by the more electron rich indenyl group for [Ru(C= CC6H4 -4- 
NO2)(PPh3)2(r15- C5H4R)] (R = H, C4H7). Further modification in the ligand environment 
of the metal centre to include four phosphorus centres (as in [Ru(C .CC6H4 -4- 
NO2)Cl(dppm)2]) leads to an increase in the molecular hyperpolarizability. However, the 
replacement of triphenylphosphine by the stronger base trimethylphosphine for the 
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Figure 1.14. Correlation of experimentally determined quadratic nonlinearities of metal 
acetylide complexes with those of their precursor acetylenes; 
o [Au(C=CR)(PPh3)], [Ni(C=CR)(PPh3)(15- CsH5)], [Ru(C=CR)(PPh3)2(115- C5H5)]; 
(R = 4- C6H4NO2, 1; 4,4'- C6H4C6H4NO2, 2; (E)- 4,4'- C6H4CH= CHC6H4NO2, 3; (Z) -4,4'- 
C6H4CH=CHC6H4NO2, 4; 4,4'- C6H4C CC6H4NO2, 5; 4,4'- C614N= CHC6H4NO2 6). 
complexes [Ru(C= CC6H4- 4- NO2)L2(115- C5H5)] (L = PPh3, PMe3) resulted in a decrease of 
the observed hyperpolarizability; this result is consistent with the recent report that N- 
phenyl substitution of 4- nitroaniline produces a greater increase in (3 than N- methyl 
substitution,136 but further data assessing ligand replacement are required to confirm this 
observation. 
Chain lengthening in proceeding from [Ru(C =- CC6H4- 4- NO2)(PPh3)2(ll5- indenyl)] to 
[Ru(C= C- (E) -CH= CHC6H4- 4- NO2)(PPh3)2(rl5- indenyl)] and then [Ru(C=C-(E)-CH=CH- 
(E)-CH= CHC6H4- 4- NO2)(PPh3)2015- indeny1)] leads to a dramatic increase in observed 
nonlinearity upon introduction of the first ene- linkage, but results in no significant 
difference upon introduction of the second alkene group. Surprisingly, examination of the 
two -level corrected data reveals a dramatic decrease in nonlinearity upon stepwise 
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introduction of the ene- linkers. Coordination of the free pyridine in [Ru(C=C-(E)-CH=CH- 
4- C5H4N)(PPh3)2(115- indenyl)] to M(CO)5 (M = Cr, W) centres leads to a substantial 
increase in nonlinearity. Coordination of [ Ru( C= C-(E)- CH= CHC6H4- 4- C= N)(PPh3)2(115_ 
indenyl)] to the same metal carbonyl fragments was also investigated and, for both 
bimetallic systems, (3(tungsten- containing complex) > (3(chromium- containing complex). 
Acetylide complexes formed from 1,3,5 -triethynylbenzene show rather low nonlinearities. 
In the case of the gold complex, where tri- substitution was achieved, there is no molecular 
dipole, the complex having octopolar symmetry. This complex shows a departure from the 
much -studied linear donor -acceptor composition. 
Table 1.11. contains data from metal nitrile complexes. The nitrile complexes reveal some 
trends in metal variation. In the cationic species reported by Wenseleers et a1,13713 increases 
as Co < Ni < Ru < Fe. Variation of the Group 3 metal shows an increase in (3 when the 
M(CO)5 unit (where M = Cr, W) is coupled via a conjugated bridge to the 
Ru(PPh3)2(indenyl) donor, but a decrease is seen when the M(CO)5 unit (where M = Mo, 
W) is coupled to the Ru(NH3)5 moiety. 
Given the increased nonlinearities obtained by incorporating one metal into organic 
chromophores, it is not surprising that introduction of two metals has been assayed. 
Examples have been met in earlier Tables organized by various metal -ligand groupings, but 
Table 1.12. contains collected data for all bimetallic complexes for which (3 values have 
been reported. Figure 1.15. displays representative examples with large nonlinearities. 
The complex [ Ru{ C= NRu( NH3 )5 }(PPh3)2(r15- C5H5)][CF3SO3]3 is a mixed valence Rul1 /RuIII 
compound. The very large [3 value reported in 1993138 has been revised down quite 
substantially.139 The discrepancy was attributed to fluorescence, alerting many to the 
problems associated with this phenomenon. Results with the sesquifulvalene complexes in 
Figure 1.15. have been mentioned above and are strongly resonance enhanced. The 
difference in measured (3 values for the two tabulated examples suggests that the triple bond 
linkage leads to a higher nonlinearity than the double bond linkage; however, the two -level 
corrected ¡3p values do not support this conclusion. The two ferrocene derivatives 
containing the dimesitylboranyl acceptor group show that there is a marked effect on 
nonlinearity observed upon replacing a triple bond by a double bond, with a significantly 
smaller 1131 for the triple bond -containing complex. As both complexes were measured far 
from resonance and have very similar Xmax values, an ene- vesus yne- linkage comparison 
seems valid in this instance. The series of ferrocenyl bimetallic complexes with group 10 
metals has been discussed previously; while ligated nickel is a poor acceptor, replacing 
PdC12 by PtC12 has only a weak influence on the measured nonlinearity. 
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Table 1.11. Molecular second -order NLO measurements for metal nitrile complexes. 
Complex Solvent (3° 2`'max ßo Ref. 
(10 -30 esu) (nm) (10 -30 esu) 
[Ni(N-CC6H4-4-Ph) (PPh3)(115_C5H5)l+ McOH 17 267 137,140 
CHC13 18 282 137 
[Ni(NC6H4-4-NMe2)(PPh3)(115-05H5)1+ McOH 18 291 137,140 
CHC13 14 298 137 
[Ni(NC6H4-4-C6H4-4-NO2)(PPh3)(115-05H5)]+ CHC13 45 299 137 
[Ni (NC6H4-4-NOZ)(PPh3)(T15-05H5) ]+ CHC13 93 419 137 
[Co(NC6H4-4-Ph) (dppe)(115-05H5 )]2+ MeOH <25 298 137 
[Co ( NC6H4-4-NMe2)(dppe)(95-05H5)12+ MeOH <40 332 137 
[Co(NC6H4-4-C6H4-4-NO2)(dppe)(115-05H5)] 2+ MeOH -35 420 137 
[Co(NC6H4-4-NO2)(dpPe)(T15-05H5)] 2+ MeOH -45 419 137 
[Ru(NC6H4-4-C6H4-4-NO2)(dppe)(115-05H5)]+ MeOH 96 288 137 
CHC13 85 293 137 
[ Ru (N=CC 6H4-4-NO2 ) (dppe) (r15-05 H 5 ) ]+ MeOH 138 358 137 
CHC13 126 358 137 
[Fe(NC6H4--4-C6H4-4-NO2)(dppe)(115-05H5)]+ MeOH 276 375 137 
CHC13 240 372 137 
[Fe(NC6H4-4-NO2)(dppe)(11 5-05H5)l+ MeOH 410 468 137 
CHCI3 375 460 137 
Table 1.11. (continued) Molecular second-order NLO measurements for metal nitrile complexes. 
Complex Solvent ß° 'max ßo Ref. 
(10-30 esu) (nm) (10-30 esu) 
[Ru {C=NRu(NH3)5}(PPh3)2(115-05H5)][CF3S03]3 H20 1080 -700 138 
McNO2 157 716 69 141 
[Ru{C=NOs(NH3)5)(PPh3)2(115-05H5)]3+ dmso 65 440 16 141 
[Mot C=NRu(NH3)5)(CO)512+ acetone 225 693 90 141 
[W(C=NRu(NH3)5) (CO)5]2+ acetone 130 708 56 141 
[Ru(C=N)(PPh3)2(115-indeny1)] CH2C12 13 396 5 105 
[Ru{C=NCr(CO)5}(PPh3)2(r15-indenyl)] CH2C12 25 392 10 105,123,124 
[Ru{C=NW(CO)5}(PPh3)2(115-indenyl)] CH2C12 40 392 15 105,123,124 
[Ru {C=NRu(NH3)5)(PPh3)2(115-indenyl)]3+ acetone 108 621 26 105,123,124 
[Ru (C=C-(E)-CH=CHC6H4-4-C=NCr(CO)5}(PPh3)2(115-indenyl)] CH2C12 465 442 119 105,123,124 
[Ru {C-(E)-CH=CHC6H4-4-C°NW(CO)5}(PPh3)2(115-indenyl)] CH2C12 700 456 150 105,123,124 
[Ru {C=C-(E)-CH=CHC6H4-4-C=NRu(NH3)5}(PPh3)z(115-indenyl)]3+ acetone 315 442 80 105,123,124 
[Fc-(E)-CH=CHC6H4-4-C=NCr(CO)5] CHC13 271 481 39 102 
[Fc-(E)-CH=CHC6H4-4-C=NW(CO)5] CHC13 375 487 48 102 
a Measured by HRS at 1.06 µm 
Some of the ruthenium indenyl complexes have also been discussed above; their 
nonlinearities are amongst the largest observed for bimetallic complexes. The differences 
observed between the bimetallic compounds and their precursor monometallic complexes 
can be explained by the differences in the effectiveness of the metal a- acceptor groups; the 
metal may usefully tune and in many instances enhance the NLO response. For the 
ruthenium indenyl complexes, the tungsten- containing complexes have larger 
hyperpolarizabilities than their chromium analogues, probably due to the electron density 
at tungsten being better reduced by back donation to carbonyl ligands than it is at 
chromium. 
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Figure 1.15. Bimetallic complexes with large 3. 
3+ 
68 
Table 1.12. Molecular second -order NLO measurements for bimetallic complexes. 
Complex Solvent 13a )'max ßo Technique Fund. Ref. 
(10 -30 esu) (nm) (100 esu) (µm) 
[FcC=C017-C2H6)Cr(CO)3] CH2Cl2 570 600 105 HRS 1.06 106 
[Fc-(E)-CH=CH(r17-C7H6)Cr(CO)3] CH2C12 320 670 113 HRS 1.06 106 
[Fc(r16-BC5H5)Co(rl5-05H5)] CH2Cl2 370,410(sh),650 90 ± 30 HRS 1.06 108 
[Fc-(E)-CH=CHB(mes)2] CHCI3 
-24 336 EFISH 1.91 109 
[FcCECB(mes)2] CHC13 4.4 336 EFISH 1.91 109 
[FcCH=C(SCH2Ph)C=NCMe2CH2O -N,S-NiC12] CHC13 10.3 500 3.92 EFISH 1.34 112,113 
[FcCH=C(SCH2Ph)C=NCMe2CH2O -N,S-NiBr2] CHCI3 7.14 511 2.55 EFISH 1.34 112,113 
[FcCH=C(SCH2Ph)C=NCMe2CH2O -N,S-PdC12] CHCI3 12.2 530 4.13 EFISH 1.34 111-113 
CHC13 9 530 6 EFISH 1.91 112,113 
[FcCH=C(SCH2Ph)C=NCMe2CH2O -N,S-PtC12] CHCI3 16 523 5.2 EFISH 1.34 112,113 
[FcCH=C { S(0)CH2Ph } C=NCMe2CH2O -N,S-NiCl2] CHC13 15.8 498 6.0 EFISH 1.34 112,113 
[FaCH=C { S(0)CH2Ph } C=NCMe2CH2O -N,S-NiBr2] CHC13 5.85 494 2.3 EFISH 1.34 112,113 
[FcCH=C { S(0)CH2Ph } C=NCMe2CH2O -N,S-PdC12] CHC13 30.2 540 7.6 EFISH 1.34 111-113 
[FcCH=C{S(0)CH2Ph} C=NCMe2CH2O -N,S-PtC12] CHC13 28.0 548 7.7 EFISH 1.34 112,113 
[Fc-(E)-CH=CHCH=C(SCH2Ph)C=NCMe2CH2O -N,S-PdC12] CHC13 58 567 14 EFISH 1.34 112,113 
CHC13 18.2 567 10.8 EFISH 1.91 112,113 
[Fc-(E)-CH=CHCH=C{S(0)CH2Ph} C=NCMe2CH2O -N,S-PdC12] CHC13 123.5 602 19 EFISH 1.34 112,113 
Table 1.12. (continued) Molecular second -order NLO measurements for bimetallic complexes. 
Complex Solvent ßa À'max ßo Technique Fund. Ref. 
(10 -30 esu) (nm) (100 esu) (Nm) 
[FCC=CCH=C(SCH2Ph)C=NCMe2CH2O -N,S-PdCl2] CHC13 33.6 558 8.5 EFISH 1.34 112,113 
[Fc-2-C4H3S { Mn(CO)3 } ] [BF4] CH3NO2 260 514 13 HRS 1.06 110 
[Fc-(E)-CH=CH-2-C4H3S {Mn(CO)3 ) ] [BF4] CH3NO2 670 536 -8 HRS 1.06 110 
[Fc-((E)-CH=CH)2-2-C4H3S ( Mn(CO)3 } ] [BF4] CH3NO2 771 548 -34 HRS 1.06 110 
[Fc-(E)-CH=CH-3-C4H3S [ Mn(CO)3 ) ] [BF4] CH3NO2 305 480 45 HRS 1.06 110 
[FcCH2-2-C4H3S { Mn(CO)3 } ] [BF4] CH3NO2 220 HRS 1.06 110 
[Au{ C=NRu(NH3)5 ) (PPh3)2(B 5-05H5)] [CF3SO3] 3 H20 10806 -700 HRS 1.06 138 
CH3NO2 157 716 69 HRS 1.06 141 
McOH 33 HRS 1.06 139 
[Ru {C=NOs(NH3)5}(PPh3)2(B5-05H5)]3+ dmso 65 440 16 HRS 1.06 141 
[Mo{ C=NRu(NH3)5 } (CO)5]2+ acetone 225 693 90 HRS 1.06 141 
[W{ C=NRu(NH3)5 } (CO)5]2+ acetone 130 708 56 FIRS 1.06 141 
[Ruf C=NCr(CO)5 ) (PPh3)201 5-indenyl)] CH2C12 25 392 10 HRS 1.06 105,123,124 
[Ru {C=NW(CO)5 ) (PPh3)2(B5-indeny1)] CH2C12 40 392 15 HRS 1.06 105,123,124 
[Ru { C=NRu(NH3)5 } (PPh3)2(115-indenyl)]3+ acetone 108 621 26 HRS 1.06 105,123,124 
[Ru {C=C-(E)-CH=CHC6H4-4-C=NCr(CO)5}(PPh3)Z(B5-indenyl)] CH2C12 465 442 119 HRS 1.06 105,123,124 
[Ru{C=C-(E)-CH=CHC6H44-C=NW(CO)5)(PPh3)2(115-indenyl)] CH2C12 700 456 150 HRS 1.06 105,123,124 
[Ru{C-(E)-CH=CHC6H4-4-C=NRu(NH3)5}(PPh3)2(115-indenyl)]3+ acetone 315 442 80 HRS 1.06 105,123,124 
a Uncertainty of ±10% except where indicated. b No uncertainty reported. 
Table 1.13. contains data for organometallic complexes not falling into one of the 
categories above. The nonlinearities of the chloro complexes were used in conjunction with 
those of terminal acetylenes to demonstrate the importance of electronic comunication 
between ligated metal and acetylide ligand in derivative metal acetylide complexes formed 
from combining these precursors.126,134,135 Evaluation of vinylidene, as with 
sesquifulvalene and carbene, is only experimentally straightforward following metal 
complexation. The vinylidene cation [ Ru( C= CHC6H4- 4- NO2)(PPh3)2(115- indenyl)]+ can be 
directly compared to its parent acetylide complex [Ru(C=CC6H4-4-NO2)(PPh3)2(115- 
indenyl)]; the corrected nonlinearity of the vinylidene is large, but less than half that of the 
acetylide. While the ligated metal centre in the acetylide complex is the donor in a classical 
donor -bridge- acceptor composition, the vinylidene metal -bound carbon is electron 
deficient, and the complex cation therefore has two potential acceptors. To assess the merit 
of vinylidene complexes as NLO materials, evaluation of a complex bearing an electron - 
donating phenylvinylidene ligand would be of interest. 
The 16 electron square planar palladium and platinum complexes show low responses. The 
reported figures suggest that: (i) the platinum complex has a larger nonlinearity than its 
palladium analogue, (ii) the triphenylphosphine ligand leads to higher nonlinearities than 
triethylphosphine (consistent with results above for ruthenium acetylides bearing PPh3 or 
PMe3 ligands), (iii) the nitro group, not surprisingly, leads to higher nonlinearities than the 
formyl group which is a much poorer acceptor, and (iv) the iodo ligand leads to lower 
nonlinearities than the bromo ligand. As the measured nonlinearities are all low, 
conclusions from this series of complexes should be viewed as tentative. 
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Table 1.13. Molecular second -order NLO measurements for other complexes. 
Complex Solvent ßa `'max ßo Technique Fund. Ref. 
(10 -30 esu) (10-30 esu) (lam) 
[NiCI(PPh3)015- C5H5)] thf 89 263,330 45 HRS 1.06 135 
[RuCI(PPh3)2(715- C5H5)] thf < 7 357 < 4 HRS 1.06 127 
[Ru(C=N)(PPh3)2(r15- indenyl)] CH2C12 13 396 5 HRS 1.06 105,123,124 
[ Ru( C= CHC6H4- 4- NO2)(PPh3)2015- indeny1)]+ CH2C12 116 379 50 HRS 1.06 105,123,124 
[Ru[C= C= C(2,7- dimethyl- 4, 5- benzocycloheptatrienylidene )2)(PPh3)2(r15- C5H5)][PF6] CH3CN 120 590 19 HRS 1.06 131. 
trans- [PdI(C6H4- 4- NO2)(PEt3)2] CHC13 0.5 EFISH 1.91 99 
trans- [PdI(C6H4- 4- NO2)(PPh3)2] CHC13 1.5 EFISH 1.91 99 
trans- [PtBr(C614- 4- CHO)(PEt3)2] CHC13 2.1 EFISH 1.91 99 
trans- [PtBr(C6H4- 4- NO2)(PEt3)2] CHC13 3.8 EFISH 1.91 99 
trans- [PtI(C6H4- 4- NO2)(PEt3)2] CHC13 1.7 EFISH 1.91 99 
a Uncertainty of ±10 %. 
1.5. ORGANOMETALLICS FOR THIRD -ORDER 
NONLINEAR OPTICS 
The Tables in this Section contain data from approximately 40 research papers that have 
mostly employed THG, DFWM or Z -scan techniques to measure the third -order 
hyperpolarizabilities of organometallic complexes. 
The first investigation of the third -order nonlinearity of an organotransition metal complex 
was of ferrocene, and functionalized and polymeric metallocenes continue to attract interest 
(Table 1.14.). Metallocenes were studied originally due to the belief that interaction of an 
organic it- electron system with a metal would cause distortion of the it- electron system and 
influence the nonlinearity. With this idea in mind, the archetypical metallocene ferrocene 
has been measured a number of times. The earliest values obtained by optical power 
limiting (OPL) measurements142 are very high compared to subsequent measurements 
performed by DFWM (and THG on the dibutylated ferrocene [Fe(15- C5H4Bu92]);143 
these disparities in data are perhaps a function of the measurement technique, as OPL is 
carried out on a nanosecond time -scale and the higher nonlinearity which was observed 
may include a contribution from thermal effects. Unlike the other class of complex studied 
intensively (acetylides: see below), results with the ferrocenyl complexes show no significant 
imaginary contribution, and the real part of y is positive.144 
Organic substitution on the ferrocene cyclopentadienyl rings invariably increases the 
observed nonlinearity. The styrylferrocene complex has a much larger y than the sum of its 
component molecules, ferrocene and styrene (16.9 ± 0.8 x 10-36 esu),144 suggesting that 
electronic communication between these components is important for optical nonlinearity. 
A significant increase in y is observed on formylation of the ring remote from the 
chromophore for ferrocenyl complexes, but permethylation of the remote ring in [Ru(r15- 
05R5) (115- C5H4- (E)- CH= CHC6H4- 4 -NO2)] or replacement of a vinylic proton by a cyano 
group leads only to minor or no variation in y. 
Large nonlinearities with monomeric ferrocenes has led some investigators to examine 
oligomeric and polymeric ferrocenes. However, the nonlinearity of the oligomer 
incorporating 6 -8 ferrocenyl groups is not significantly larger than that of the 
corresponding dimer. In this system, the increased n- electron conjugation in the oligomer 
has not significantly enhanced the nonlinearity, suggesting that the ferrocenyl linking 
groups are not effectively coupling the organic components. These results are similar to 
those seen in second -order nonlinear optical studies which were rationalized as arising from 
poor coupling between the metal centre and the substituent. The dominant contribution to 
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the third -order nonlinearity in ferrocene comes not from the lowest lying d -d transition, but 
from a combination of d -tt* and It -n* levels;144 the it- geometry of the metal - 
cyclopentadienyl interaction decreases the contribution of the metal to the nonlinearity.98 
The effect of metal replacement has not been established with certainty. Direct comparison 
of ferrocene complexes with analogous ruthenocene complexes is only possible for the 
parent compounds, with ruthenocene having a slightly larger cubic nonlinearity.145,146 
This result needs to be treated cautiously, as the technique employed (OPL) is susceptible to 
thermal contributions (see above), and the low nonlinearities of the complexes induce 
substantial errors. The differing fundamental frequencies employed in the metallocenyl 
complex measurements further complicates the results, necessitating caution when carrying 
out comparisons. 
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Figure 1.16. Ferrocenyl complexes with large y. 
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Table 1.14. Third -order NLO measurements of ferrocenyl and ruthenocenyl complexes. 
Complex Solvent n2 7 X'max Technique Fund. Ref. 
(nm) (µm) 
[FcH] molten 1.1 x 1017 m2 W-1 4.4 x 10-45 m5 V-2 a OPL 1.06 142 
molten 1.1 x 10-17 m2 W-1 2.9 x 10-45 m5 V_2 a OPL 1.06 145 
EtOH 2.1 x 10-19 m2 W-1 3.9 x 10-45 m5 V-2 OPL 1.06 142 
molten 1.48 x 10-11 esub 3.9 x 10.32 esu a OPL 1.06 146 
EtOH 2.6 x 10-13 esub 1.2 x 10-32 esu a OPL 1.06 146 
thf (16.1 ± 1.8) x 10-36 esu 439.6 DFWM 0.60 144 
[Fe(r15-05H4SiMe3)2] neat 1.3 x 10-17 m2 W-1 5.5 x 10-45 m5 V-2 OPL 1.06 142,145 
neat 1.51 x 10-11 esub 6.4 x 10-32 esu a OPL 1.06 146 
[FcCH=CHPh)] thf (85.5 ± 19.8) x 10-36 esu 445 DFWM 0.60 144 
[Fe015-05H4CHO)(115-05H4CH=CHPh)]c thf (305 ± 36) x 10-36 esu 462.4 DFWM 0.60 144 
[Fe(tl5-05H4CH=CHPh)2] c thf (270 ± 26) x 10-36 esu 460.8 DFWM 0.60 144 
[FcCH=CHC6H4-4-CH=CHFc] c thf (504 ± 52) x 10-36 esu 451.8 DFWM 0.60 144 
[FcCH=CHC6H44-CH=CH(r15-05H4)Fe(T15-05H4CHO) ] r thf (925 ± 86) x 10-36 esu 454.8 DFWM 0.60 144 
[Fé45-05H4CH=CHC6H4 4-CH=CH)(tl5-05H4)]nCHO n = 6-8c thf (1550 ± 270) x 10-36 esu 451.5 DFWM 0.60 144 
[FcCOCH3] p- dioxane (27 ± 3) x 10-36 esu a THG 1.91 73,99 
[Fe(q5_C5H4Bun)2] neat (25 ± 4) x 10-36 esu THG 1.91 143 
[FcC=CC=CCCC=CFc] CHCI3 110 x 10-36 esu a THG 1.91 147 
Table 1.14. (continued) Third -order NLO measurements of ferrocenyl and ruthenocenyl complexes. 
Complex Solvent n2 y 2`'max Technique Fund. Ref. 
(m) (Pm) 
[Ru(rl5- C5H5)2] molten 3.3 x 10-tí esu 3.9 x 10 -45 m5 V -2 OPL 1.06 146 
molten 2.2 x 10-17 m2 W-1 3.9 x 10-45 m5 V-2 OPL 1.06 145 
[Ru015- C5H5)(t15- C5H4- (E) -CH= CHC6H4- 4 -NO2)] p- dioxane (114 ± 11) x 10-36 esu 350, 390 THG 1.91 73,99 
[Ru(r15- C5Me5)(115- C5H4- (E) -CH= CHC6H4- 4 -NO2)] p- dioxane (140 ± 14) x 10-36 esu 370, 424 THG 1.91 73,99 
[Ru(r15- C5Me5)]rl5 -05H4 (E)- CH= C(CN)C6H4- 4 -NO2)] p- dioxane (105 ± 11) x 10-36 esu 370, 443 THG 1.91 99 
a Not reported. b n2 related to the electric field; see reference 146. ° Stereochemistry not specified. 
The group 4 metallocenes in Table 1.15. are formally d0 16 electron complexes; the most 
important contributor to optical nonlinearity is therefore the LMCT transition.143 For the 
halide complexes, the lowest energy transition is due to cyclopentadienyl to metal charge 
transfer. Compared to ferrocene, these complexes have very low nonlinearities (even when 
the cyclopentadienyl rings are methylated). Introduction of a metal -bound vinyl or 
acetylide ligand results in enhanced 1t- conjugation involving the cyclopentadienyl -metal 
bonding network and orbitals of like symmetry on the vinyl /acetylide ligands;143,148 this 
has the effect of increasing the nonlinearity significantly. This is not simply an additive 
effect, the resultant nonlinearities being greater than the sum of those of the precursor 
chlorides and terminal alkynes.143 Similarly, the nonlinearity for [Ti(C= CPh)2(T15-05H5)2] 
is three times that of [Ti(C =CPh)Cl015- C5H5)2]. The divinylbenzene- linked bimetallics 
[{ ZrCl( r15- C5H5) 2} 2(11- (E)- CH= CHC6H4- n- (X)- CH =CH)] (n = 3, X = Z; n = 4, X = E) 
exhibit reasonably large nonlinearities; deconvolution of the contributions to enhancing y 
in progressing from Z to E stereochemistry or 3- to 4 -aryl ring substitution in this system 
requires additional data. 
The effect of metal replacement has been probed. Increased y is observed on progressing 
up the group, corresponding to increased electron accepting ability of the metal;143 for d0 
group 4 metals, this has been rationalized by assuming that mixing of titanium orbitals with 
those of the ligand is more effective than mixing of zirconium or hafnium with the ligand 
based orbitals.143 
Tris(cyclopentadienyl) rare earth complexes ([M(115- C5H5)3]; M = Er, Nd, Pr, Yb) have 
been measured by DFWM at a fundamental frequency corresponding to X.= 1064 nm.151 
They possess moderate nonlinearities despite having electronic transitions in the range 800- 
1550 nm which might have been expected to result in dispersively enhanced values. 
Solution x(3 )1111 for [Yb(r15- C5H5)3] [the largest nonlinearity of the series, and the 
complex with Amax (1030 nm) closest to w] is only about half that of CS2. 
A range of thiophenyl and isobenzothiophenyl group 10 metal complexes have been 
examined by four -wave mixing at 1064 nm (see Table 1.16.).152 -154 The linear and 
nonlinear optical properties are highly dependent on the metal; both the wavelength of the 
optical transition and the magnitude of the second hyperpolarizability decrease on 
progressing down the group,154 a trend which mirrors that observed in group 10 metal 
alkynyl complexes (see below). Although no multiphoton absorption is observed, the 
magnitudes of the imaginary components are large; for conjugated systems where the 
degree of polarization is large, appreciable imaginary components resulting from electronic 
lattice coupling can be observed. Progressing from thiophenyl to the related fused ring 
isobenzothiophenyl palladium and platinum complexes results in an increased third -order 
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Figure 1.17. Group four metallocene complexes with large y. 
78 
Table 1.15. Third -order NLO measurements of other metallocene complexes and tris(cyclopentadienyl) rare earth complexes. 
Complex Solvent n2 x(3) 
(1020 mz V-2) (10-36 eso 
2'max 
(nm) 
Technique Fund. 
(Fm) 
Ref. 
[HfC12015-CSH5)2] molten 1.3 x 10-11 esu° OPL 1.06 146 
molten 1.0 x 10-17 m2 W-t 2.4b OPL 1.06 145 
[ZrC12(r15-05H5)2] molten 1.0 X 10-t t esu° OPL 1.06 146 
molten 0.8 x 1012 m2 W-1 1.9b OPL 1.06 145 
[TiF2(115-05H4Me)2] CHC13 <3 284,c324,cd414e THG 1.91 143,148,149 
[TiC12(tl5-05H4Me)2] CHC13 <5 274,9 88,e394,cd518e THG 1.91 143,148,149 
[ TiB r2 (715-05H4Me)2] CHC13 <5 276,9 28,c428,cd568e THG 1.91 143,148,149 
[ZrC12(r15-05H5)2] CHC13 < 5 294,c334,e338cd THG 1.91 143,148,149 
[HfC12015-05H5)2] CHC13 < 5 306 THG 1.91 148 
[Ti(C-B ll°)2(r15-05H4Me)2] CHC13 15 ± 2 THG 1.91 149 
[Ti(C=CBun)2(r15-05H5)2] CHC13 12 ± 2 390 THG 1.91 148 
[Ti(C=CPh)2(r15-05H5)2] thf 92 ± 14 410,d416e THG 1.91 143,148 
[Zr(C=CPh)2015-05H5)2] thf 58 ± 9 370,e390d THG 1.91 143,148 
[Hf(C°CPh)2 (715-05H5)2] thf 51 ± 8 358,e390d THG 1.91 143,148 
[Ti(C=CPh)C1(115-05H5)2] thf 31 ± 5 402,510(sh) THG 1.91 143,148 
[Zr(CPh=CPh=CPh=CPh(r15-05H5)21 thf 47 ±7 370,474 THG 1.91 148 
[ZrCl(CH=CHC6H4Me)(115-05H5 )2)]f thf 24 ±4 356 THG 1.91 148 
Table 1.15. (continued) Third -order NLO measurements of other metallocene complexes and tricyclopentadienyl rare earth complexes. 
Complex Solvent n2 x13) Y 
(1020 m2 V -2) (10 -36 esu) 
)'max Technique Fund. 
Om) (ltm) 
Ref. 
[ {ZrC1(r15- C5H5)2 }2(- µ- (E) -CH= CHC6H4- 3- (Z)- CH =CH)] thf 68 ± 10 356 THG 1.91 148 
[(ZrCI(715- C5H5)2 }2(- 11. - (E) -CH =CHC6H4- 4- (E)- CH =CH)] thf 154 ± 23 380 THG 1.91 148 
[(ZrC1(715- C5H5)2 }20] thf 10 ± 2 282 THG 1.91 148 
[Yb(T)5- C5H5)3] thf 4.3 -4.5 x 10 -tt esu 1030 OPL 1.06 150 
thf 1.3 1030 DFWM 1.06 151 
[Nd(r15- C5H5)3] thf 0.43 910 DFWM 1.06 151 
[Dy015-05H5)3] thf 0.19 1260 DFWM 1.06 151 
[Er(q5-05H5)3] thf < 0.1 660 DFWM 1.06 151 
[Pr(q5-05H5)3] thf < 0.1 1395 DFWM 1.06 151 
a 02 related to the electric field; see reference 146. b Units are 10 -45 V -2 m5. C Reference 149. d Reference 143. e Reference 148.f Geometry not specified. 
Table 1.16. Third -order NLO measurements of thiophenyl and isobenzothiophenyl complexes. 
Complex Solvent 2`max 
(nm) 
Rey 
(10 -46 m5 V -2) 
FIm 71 
(10 -46 m5 V -2) 
171 
(10-46 m5 V -2) 
Technique Fund. 
(µm) 
Ref. 
[Ni(2-C4H3S)2(PEt3)2] CHC13 374 -5.1 4.6 6.8 DFWM 1.06 152-154 
[Pd(2-C4H3S)2(PEt3)2] CHC13 330 -0.69 1.3 1.5 DFWM 1.06 152-154 
[Pt(2-C4H3S)2(PEt3)2] CHC13 320 -0.25 0.60 0.65 DFWM 1.06 152-154 
[Ni(2-C8H5S)2(PBu^3)2] CHC13 388 -2 - -1 3-10 3-10 DFWM 1.06 152-154 
[Ni(2-C8H5S)2(PEt3)2] CHC13 370 -2.8 1.5 3.1 DFWM 1.06 153 
[Pd(2-C8H5S)2(PEt3)2] CHC13 370 -2.1 0.34 2.1 DFWM 1.06 153 
[Pt(2-C8H5S)2(PEt3)2] CHC13 332 -1.1 0.22 1.1 DFWM 1.06 153 
[Ni(2-C4H2S)2(PBu°3)2] CHC13 515 -140 - -170 170-200 220-260 DFWM 1.06 152-154 
[Ni(2-C8H4S)2(PB03)2]n nw = 9.5 CHC13 580 -20 - -30 10-20 20-30 DFWM 1.06 152-154 
nonlinearity, suggesting that the response is dominated by the MLCT transition. The 
converse trend is observed with the nickel complexes. The presence of the ligated metal 
centre is important in enhancing the response; the magnitudes of the nonlinearities are 
significantly larger than that for an organic analogue, terthiophene.154 
Polymers are of interest for eventual device fabrication. Polymeric and oligomeric 
analogues of these C- coordinated thiophenyl group 10 complexes show a substantial 
increase (1 -2 orders of magnitude) in nonlinearity over the corresponding monomers 
discussed above. Comparison to a related organic polymer, poly {3- butyl(thiophene)} (lyl = 
10 x 10 -46 m5 V -2), reveals that the presence of the nickel enhances the nonlinearity despite 
a lower X.max' a transparency /optical nonlinearity gain. The isobenzothiophene oligomer has 
a much smaller nonlinearity than the thiophene polymer, due to the decreased polymer 
chain length. 
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Figure 1.18. Nickel thiophenyl and isobenzothiophenyl polymers with large y. 
The carbonyl complexes listed in Table 1.17. are of two types: tricarbonylchromium r16- 
arene it- complexes and pentacarbonyltungsten 6- pyridine complexes, with both complex 
types having relatively low y. Nonlinearities increase on arene or pyridine tt- system 
lengthening, and on proceeding from acceptor to donor substituent on the 
tricarbonylchromium -coordinated arene ring. Relative magnitudes and trends thus mirror 
those observed with quadratic nonlinearities of these complexes. 
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Table 1.17. Third -order NLO measurements of carbonyl complexes. 
Complex Solvent y (x 10 -36 esu) 2'max 
(nm) 
Technique Fund. Ref. 
(µm) 
[W(CO)5(NC5H4-4-NH2)] dmso 15 290 THG 1.91 99 
[W(CO)5(NC5H4-4-Bun)] p-dioxane 15 328 THG 1.91 99 
[W(CO)5(NC5H5)] toluene 8 332 THG 1.91 99 
[W(CO)5(NC5H4-4-Ph)] CHC13 12 330-340 THG 1.91 99 
[W(CO)5(NC5H4-4-COMe)] CHC13 14 420-440 THG 1.91 99 
[Cr(CO)3016-C6H6)] toluene 2 310 THG 1.91 99 
[Cr(CO)3(16-C6H5OMe)] toluene 3 310 THG 1.91 99 
[Cr(CO)3(716-C6H5NH2)] p-dioxane 12 313 THG 1.91 99 
[Cr(CO)3(r16-C6H5NMe2)] toluene 10 318 THG 1.91 99 
[Cr(CO)3(716-C6H5COOMe)] toluene 6 318 THG 1.91 99 
[Cr(CO)3(t]6-C6H5-(E)-CH=CHPh)] p-dioxane 21 410 THG 1.91 99 
[Mo2OsSe(CO)7(115-05H5)2] n-hexane -2.2 x 1012 cm2 W-1 Z-scan 0.53 155 
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Figure 1.19. Carbonyl complexes of chromium and tungsten with large y. 
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A systematically varied series of 16 electron square- planar arylpalladium and arylplatinum 
complexes have been examined by THG at 1.91 µm (see Table 1.18.), with the focus on 
assessing the importance of halo or phosphine co- ligands, or of 4 -aryl substituents; metal 
replacement for the complexes trans- [MI(C6H4- 4- NO2)(PEt3)2] (M = Pd, Pt) had no effect 
on nonlinearity. All complexes have significantly larger y than the carbonyl complexes 
above, but values are still low in absolute terms (as expected for small molecules with little 
conjugation). Replacement of iodo by bromo results in a 50 % increase in nonlinearity, and 
proceeding from triethylphosphine to triphenylphosphine co- ligand affords a similar 
increase in cubic NLO response, as does replacing a 4- formyl by a 4 -nitro substituent on 
the a -bound aryl ring. Following this prescription, the most efficient complexes in this 
systematically varied series should be trans- [MBr(C6H4- 4- NO2)(PPh3)2] (M = Pd, Pt) but 
these were not examined. 
Table 1.18. Third -order NLO measurements of square -planar platinum and palladium complexes. 
Complex Solvent y (x 10-36 esu) Amax (nm) Technique Fund. Ref. 
(µm) 
trans- [PtBr(C6H4- 4- CHO(PEt3)21 CHC13 37 a THG 1.91 99 
trans- [PdI(C6H4- 4- NO2)(PEt3)2] CHC13 36 a THG 1.91 99 
trans- [PdI(C6H4- 4- NO2)(PPh3)2] CHC13 50 a THG 1.91 99 
trans- [PtI(C6H4- 4- NO2)(PEt3)2] CHC13 36 a THG 1.91 99 
trans- [PtBr(C6H4- 4- NO2)(PEt3)2] CHC13 55 a THG 1.91 99 
a Not reported. 
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Figure 1.20. Square -planar platinum and palladium complexes with large y. 
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Investigations of the third -order nonlinearities of a systematically varied series of ruthenium 
acetylides established the significance of (i) phosphine ligand substitution (replacement of 
PPh3 by PMe3 resulted in only a small change), (ii) variation in phenylacetylide substituent 
(replacing 4 -H by 4 -Br resulted in no change, but introduction of 4 -NO2 resulted in an 
appreciable increase), and (iii) chain lengthening (progression from one -ring to biphenyl to 
ene- linked and yne- linked two -ring to imino -linked two -ring resulted in increasing 
nonlinearity). Negative nonlinearities were observed for all the nitro -containing complexes; 
thermal lensing was rejected as the cause of negative y, and two -photon dispersion was 
deemed likely, but a negative static hyperpolarizability could not be ruled out.126,156 
Trans- bis(acetylide )bis(diphosphine)ruthenium complexes were investigated as monomeric 
models of polymers; they have nonlinearities with very large imaginary components 
implying significant two -photon absorption exists. The same acetylide ligands were coupled 
to ligated gold centres. Values for some of the gold complexes are larger than those of their 
ruthenium analogues, the opposite trend to that observed with 13, emphasizing that 
enhancing cubic optical nonlinearities of organometallic complexes does not simply involve 
increasing quadratic NLO merit. Cubic nonlinearities for [Au(C= CC6H4 -4 -C =CC6H4 -4- 
NO2)(PPh3)] and [Au(C= CC6H4- 4- (E)- CH= CHC6H4- 4- NO2)(PPh3)] are the largest values 
for any of the complexes in the ruthenium, gold, and nickel systems (and in fact the largest 
for monomeric organometallic acetylide complexes), despite the gold complexes having the 
lower valence electron count.157 Data for the nickel complexes are, within the error 
margins, equivalent to those of the ruthenium complexes, although the ruthenium 
complexes possess a more easily oxidizable metal and greater delocalization possibilities 
with the extra phosphine co- ligand, indicating that these variables are not critical for 
enhancing nonlinearity in these complexes.135 This metal replacement (ruthenium vs 
nickel) may have a more subtle impact on nonlinearity which is not apparent with the large 
errors. It is clear, though, that the later transition metal ruthenium, nickel and gold 
complexes with the ligated metal acting as a donor group have significantly larger 
nonlinearities than earlier transition metal acetylide complexes with the metal acting as an 
acceptor moiety. 
The nitro acceptor group is important in enhancing nonlinearity in these acetylide 
complexes. The mono- and di- metallic platinum and palladium acetylide complexes which 
lack nitro acceptor groups have much lower nonlinearities than the gold, ruthenium and 
nickel complexes containing the acceptor nitro substituent, but have nonlinearities which are 
comparable in magnitude to those of the group 4 metal, ruthenium, nickel and gold 
acetylides lacking this group. 
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Table 1.19. Third -order NLO measurements of acetyl de and bis(acetylide) complexes. 
Complex Solvent Re 'y Im y y Xmax Technique Fund. Ref. 
(10-36 esu) (10-36 esu) (10-36 esu) (nm) (µm) 
[Ti(C=CB0)2015-05H4Me)2] CHCI3 15 ± 2 d THG 1.91 149 
[T1(C=CB0)2(315-05H5)2] CHCI3 12 ± 2 390 THG 1.91 148 
[Ti(C=CPh)2(115-05H5)21 thf 92 ± 14 410,a4166 THG 1.91 143,148 
[Zr(C=CPh)2015-05H5)2] thf 58 ± 9 370,6390a THG 1.91 143,148 
[Hf(C=CPh)2(Tl5-05H5)2] thf 51 ± 8 358,6390a THG 1.91 143,148 
[Ti(C CPh)C1(rl5-05H5)2] thf 31 ± 5 402,510(sh) THG 1.91 143,148 
[Ru(CCPh)(PPh3)2(115-05H5)] thf _< 150 311 Z-scan 0.80 156 
[Ru(CC6H4- 4-Br)(PPh3)2(r15-05H5)] thf <_ 150 325 Z-scan 0.80 156 
[Ru(C=CC6H4-4-NO2)(PPh3)2(115-05H5)] thf -210 ± 50 _< 10 461 Z-scan 0.80 156 
thf -260 ± 60 461 DFWM 0.80 156 
[Ru(CC6H4-4-NO2)(PMe3)2015-05H5)] thf -230 ± 70 74 ± 30 480 Z-scan 0.80 156 
[Ru(C=-CC6H4 4-C6H4-4-NO2)(PPh3)2(T15-05H5)] thf -380 ± 200 320 ± 160 310,448 Z-scan 0.80 126 
[Ru(CC6H44-(E)-CH=CHC6H4-4-NO2)(PPh3)2(115-05H5)1 thf -450 ± 100 210 ± 100 346,476 Z-scan 0.80 156 
[Ru(C=CC6H4-4-C=CC6H4-4-NO2)(PPh3)2(i5-05H5)] thf -450 ± 100 <_ 20 346,447 Z-scan 0.80 156 
[Ru(C=-CC614-4-N=CHC6H4-4-NO2)(PPh3)2(t15-05H5)1 thf -850 ± 300 360 ± 200 298,496 Z-scan 0.80 126 
trans-[RuCl(CC6H4-4-NO2)(dppm)2] CH2C12 170 ± 34 230 ± 46 466 Z-scan 0.80 157 
trans-[RuC1(C=CC6H4-4-C6H4-4-NO2)(dppm)2] CH2C12 140 ± 28 64 ± 13 448 Z-scan 0.80 157 
trans-[RuCl(CC6H4-4-(E)-CH=CHC6H4-4-NO2)(dppm)2] CH2C12 200 ± 40 1100 ± 220 471 Z-scan 0.80 157 
trans-[Ru(C-C614-4-NO2)2(dppm)2] CH2C12 300 ± 60 490 ± 98 474 Z-scan 0.80 157 
trans-[Ru(C=CC6H44-C6H4 4-NO2)2(dppm)2] CH2C12 < 800 2500 ± 500 453 Z-scan 0.80 157 
Table 1.19. (continued) Third -order NLO measurements of acetyl de and bis(acetylide) complexes. 
Complex Solvent Re y 
(10 -36 esu) 
Im y 
(10 -36 esu) 
y `'max 
(10 -36 esu) (nm) 
Technique Fund. 
(11m) 
Ref. 
trans- [Ru(CC6H4-4-(E)-CH=CHC6H4-4-NOZ)2(dPPm)2] CH2C12 5_ 1100 3400 ± 680 367 Z-scan 0.80 157 
[Au(CPh)(PPh3)] thf 39 ± 20 268,282,296 Z-scan 0.80 158 
[Au(C=CC6H4-4-NO2)(PPh3)] thf 120±40 20±15 338 Z-scan 0.80 158 
[Au (C=CC6H4-4-C 6 H4-4-NO2) (PPh3 ) ] thf 540 ± 150 120 ± 50 274,287,350 Z-scan 0.80 158 
[Au(C=CC6H4-4-(E)-CH=CHC614-4-NO2)(PPh3)] thf 1200 ± 200 470 ± 150 303,386 Z-scan 0.80 158 
[Au(CCC6H4-4-(Z)-CH=CHC6H4-4-NO2)(PPh3)] thf 420 ± 150 92 ± 30 298,362 Z-scan 0.80 158 
[Au(C=CC6H4-4-C=CC6H4-4-NO2) (PPh3 )] thf 1300 ± 400 560 ± 150 301,362 Z-scan 0.80 158 
[Au(C=CC6H44-N=CHC6H4-4-NO2)(PPh3)] thf 130 ± 30 330 ± 60 297,392 Z-scan 0.80 158 
[Ni (C=CPh)(PPh3) (t15-05H5)] thf 15±10 < 10 307 Z-scan 0.80 135 
[Ni(C=CC6H4-4-NO2)(PPh3) (q5-05H5)] thf -270 ± 100 70 ± 50 368,439 Z-scan 0.80 135 
[Ni(C-CC6H4-4-C6H4-4-NO2)(PPh3)(115-05H5)] thf -580 ± 200 300 ± 60 263,310,413 Z-scan 0.80 135 
[Ni(C=CC6H4-4-(E)CH=CHC6H4-4-NO2)(PPh3) (r15-05H5)] thf -420 ± 100 480 ± 150 313,437 Z-scan 0.80 135 
[Ni(C=CC6H4-4-(Z)-CH=CHC6H44-NO2) (PPh3) (r15-05H5)] thf -230 ± 50 160 ± 80 307,417 Z-scan 0.80 135 
[Ni(C=CC6H4-4-C=CC6H4-4-NO2)(PPh3) (r15-05H5) ] thf -640 ± 300 720 ± 300 313,417 Z-scan 0.80 135 
[Ni(CC6H4-4-N=CHC6H4-4-NO2) (PPh3) (T15-05H5)] thf < 120 360 ± 100 282,448 Z-scan 0.80 135 
Table 1.19. (continued) Third -order NLO measurements of acetylide and bis(acetylide) complexes. 
Complex Solvent Re y Im y y 7'max Technique Fund. Ref. 
(10 -36 esu) (10 -36 esu) (10 -36 esu) (nm) (µm) 
cis- [PtCI(PBu' 3)2(- µ- CCC6H4 4- C- C)PtC1(PBu "3)2] thf 11 ± 25% 224 ± 25% a OKG/IDS 1.06/0.53 160 
trans- [PtCI( PBu" 3) 2( -11- CCC6H4- 4- CC)PtCI(PBu "3)2] thf 19 ± 25% 827 ± 25% d OKG/1DS 1.06/0.53 160 
trans- [PtCI( PBu" 3) 2( -4- CECC6H4- 4- CC)Pt(PBu "3)2( -11-C == CC6H4 -4- thf 45 ± 25% 1196 ± 25% d OKG/IDS 1.06/0.53 160 
C =- C)PtCI(PBun3)2] 
trans- [P1C1( PB03)2(C C6H4 -4 -C .CC C6H4- 4- C= C)P[Cl(PBun3)2] thf 88 ± 25% 2167 ± 25% d OKG/IDS 1.06/0.53 160 
trans -[Pt(C CC6H4- 4- CECH)2(PBu "3)2] thf 53 ± 25% 759 ± 25% a OKG/IDS 1.06/0.53 160 
trans- [Pt(C =- CC6H4- 4- CECH)(PBun3)2( -4- CECC6H4 -4 -C- C)Pt(C -CC6H4 -4- thf 66 ± 25% 1328 ± 25% a OKG /IDS 1.06/0.53 160 
C=- CH)(PBun3)2] 
trans- [Pt(NCS)( PBu" 3) 2(- 1r- CC6H4- 4- CEC)Pt(NCS)(PBun3)2] thf 30 ± 25% 1134 ± 25% d OKG/IDS 1.06 /0.53 160 
trans- [PtCI(PBun3)2( 
-11- CECC6H4- 4- CEC) {PtCI(PBu "3)2] d 350c d FWM 0.63 159 
cis -[Pt(C =CC6H4- 4- C°CH)2(PBun3)2] d 230c 260c 2900 d FWM 0.63 159 
trans- [Pd(C=- CPh)2(PB03)2] d 110c d FWM 0.63 159 
a Reference 143. b Reference 148. C Error not quoted. a Not reported. 
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Figure 1.21. Acetylide and bis(acetylide) complexes with large y. 
NO2 
Measurements made by DFWM on group 10 metal bis(acetylide) complexes are listed in 
Table 1.20. Although results cannot be directly compared to those above, internal 
comparisons within the series are valid. These reveal that hyperpolarizability decreases 
progressing down the group for phenylacetylide examples [as observed with other acetylide 
complexes: (see above)], but that larger nonlinearities are observed for butadiynide 
complexes of the heavier metals. The complexes exhibit a high -order intensity dependence, 
characteristic of multiphoton resonant enhancement; for these complexes this is possibly 
due to three -photon resonant enhancement, as ?max is, in all cases, close to 303. 
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Table 1.20. Third -order NLO measurements of Group 10 metal bis(acetylide) complexes. 
Complex Solvent Re y IIm yl lyl 2 max Technique Fund. Ref. 
(10-44 m5 V-2) (1.0-44 m5 V -2) (10-44 m5 V -2) (nm) (1un) 
trans -[Ni(C CPh)2(PEt3)2] CHC13 -27.5 14.6 31.1 370 DFWM 1.06 161,162 
a -0.028 0.015 0.031 370 DFWM 1.06 153 
trans -[Pd(C CPh)2(PEt3)2] CHC13 -21.0 3.39 21.3 370 DFWM 1.06 161,162 
a -0.021 0.0034 0.021 370 DFWM 1.06 153 
trans -[Pt(C CPh)2(PEt3)2] CHC13 
-11.2 2.15 11.4 332 DFWM 1.06 161,162 
a -0.011 0.0022 0.011 332 DFWM 1.06 153 
trans -[Ni(C CC CH)2(PEt3)2] CHC13 -7.87 17.2 18.9 336 DFWM 1.06 161,162 
a -0.0079 0.017 0.019 336 DFWM 1.06 153 
trans -[Pd(C CC CH)2(PEt3)2] CHC13 
-3.85 0.919 0.396 290 DFWM 1.06 153,161,162 
a -0.0039 0.00092 0.0040 290 DFWM 1.06 153 
trans -[Pt(C CC =CH)2(PEt3)2] CHC13 
-1.93 0.771 2.08 318 DFWM 1.06 153,161,162 
a -0.0019 0.00077 0.0021 318 DFWM 1.06 153 
a Not reported. 
Table 1.21. Third -order NLO measurements of bis(acetylide) complexes. 
Complex 
trans -[Pd(C CPh)2(PBun3)2] 
trans - [Pt(C=CPh)2 (PB un3) 2] 
trans- [Ni(C-- CPh)2(PB u°3 )2] 
trans -[Pd(C C6H4- 4- C-Ph)2(PBun3)2] 
trans -[Pt(C CC6H4 4- C= CPh)2(PBun3)2] 
Solvent n2 
(x 10-18 m2 W 
-1) 
Technique Fund. 
(1rm) 
Ref. 
thf -0.5 ± 0.1 Z-scan 0.53 163 
thf -3.0 ± 0.1 Z-scan 0.53 163 
thf -16 ± 5 Z-scan 0.53 163 
thf -25 ± 3 Z-scan 0.53 163 
thf -209 ± 27 Z-scan 0.53 163 
The data in Table 1.21. are given as nonlinear refractive indices n2; other experimental 
parameters are needed to derive y values which are required for comparison to the results 
above. As with the data in Table 1.20., results in Table 1.21. permit internal conclusions to 
be drawn; the resultant trends can then be compared to those above. The data here are 
consistent with increased nonlinearity upon chromophore chain -lengthening (as observed 
with acetylide complexes above), and with a metal efficiency series nickel > platinum > 
palladium. 
In the acetylide polymers of square -planar nickel, palladium and platinum listed in Table 
1.22., the imaginary part of the nonlinearity is the major contributor, implying significant 
two -photon absorption. Some of the polymers have nonlinearities which are significantly 
larger than related monometallic acetylide complexes. There does not seem to be a 
consistent trend in nonlinearity upon increasing polymer size. Although it is hard to 
compare the data across metal (because the polymers vary in length as well as composition), 
the platinum polymers are in many cases more efficient than the analogous palladium 
polymers. The nonlinearities of these polymers do not depend dramatically upon aromatic 
ring substitution, but increasing the number of diethynylarenes in the repeat unit from one 
to two increases the nonlinearity.160 
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Table 1.22. Third -order NLO measurements of acetylide polymer complexes 
Complex Solvent Re y Im y 2'max 
(nm) 
Technique Fund. 
(µm) 
Ref. 
[ Ni (C C=-C) (P B u n3 )2 ] n CHC13 -2.63 x 10-42 m5 V-2 -2.41 x 10-42 m5 V-2 3.57 x 10-42 m5 V-2 412 DFWM 1.06 161,162,164 
-2.63 x 10-45 m5 V-2 -2.41 x 10-45 m5 V-2 3.57 x 10-45 m5 V-2 410 DFWM 1.06 153 
[Pt(C=CC=-C)(PBu03)2]n CHCl3 -1.48 x 10-42 m5 V-2 1.74 x 10-42 m5 V-2 2.28 x 10-42 m5 V-2 364 DFWM 1.06 161,162,164 
-1.48 x 10'45 m5 V-2 1.74 x 10-45 m5 V-2 2.28 x 10-45 m5 V-2 360 DFWM 1.06 153 
[Ni (C=CC6H4-4-C=C)(PB un3 )2] n CHC13 -10 x 1046m5 V-2 20 X 10-46 m5 V-2 20 x 10-46 m5 V-2 DFWM 1.06 164 
[Ni (C=CC6H4-4-CC) (POcn3)2] n CHC13 -40 x 10-46 m5 V-2 100 x 10-46 m5 V-2 100 x 10-46 m5 V-2 DFWM 1.06 164 
[Ni(CCC=C) ( P(C$Hl7)3) ) ]n CHC13 -40 x 10-46 m5 V'2 30 x 1046 m5 V-2 50 x 10-46 m5 V-2 DFWM 1.06 164 
[Pd2 (CCC 6H4-4-C=C) (I-t- dpPrn ) 2 ] n CHC13 -20 x 10-46 m5 V-2 20 x 10-46 m5 V-2 20 x 10-46 m5 V-2 DFWM 1.06 164 
[Pt(C-C6H4-4-C=C)(PBun3)2] n 
[Pd(C=CC6H4-4-C=C) (PB un3 )2] n 
890 130 1450 
b 390 380 490 
FWM 0.63 
FWM 0.63 
159 
159 
[Pd(C=CC6H4-4-C)(PBun3)2]n n = 112 thf 102 3401 OKG/QDA 1.06/0.53 165 
[Pt(C=CC6H4-4-C=C)(PBun3)21n --32 000 amu benzene 1470 THG 1.06 166 
[Pt(C=-CC6H4-4-C=-C)(PBun3)2]n n = 112 thf 37 1906 OKG/IDA 1.06/0.53 160 
[Pt(CCC6H2-2,5-Mé2- 4-C=C)(PBun3)2]n n = 26 thf 29 1200 OKG/IDA 1.06/0.53 160 
thf 56 1199 OKG/IDA 1.06/0.53 167 
[Pt(C-C6H2-2,5-Et2-4-C=C)(PBun3)2]n n = 15 thf 43 956 OKG/IDA 1.06/0.53 160 
[Pt(CC6H3-3-F-4-C°C)(PBun3)2]n n = 18 thf 56 1260 OKG/IDA 1.06/0.53 160 
Table 1.22. (continued) Third-order NLO measurements of acetylide polymer complexes.a 
Complex Solvent Re y IIm yI Technique Fund. Ref. (µm) 
[Pt(CECC6H2-2,5-(0Me)2-4-C)(PBun3)2]n n = 111, 105, 62 thf 48,65,43 1724,1330,1586 OKG/IDA 1.06/0.53 160 
[Pt(C=CC6Me4-4-C=C)(PB03)2]n oligomer thf 28 1324 OKG/IDA 1.06/0.53 160 
[Pt(C=CC6H3-3-NH2-4-C=C)(PBun3)2]n n = 76 thf 18 1342 OKG/IDA 1.06/0.53 160 
[Pt(C=-CC6H3-3-CF3-4-C=C)(PB03)2]n n = 44 thf 34 2148 OKG/IDA 1.06/0.53 160 
[Pt{C=-C(1-naphthyl)-4-C=C}(PBun3)2]n n = 62 thf 19 2474 OKG/IDA 1.06/0.53 160 
[Pt{3-CC(C5H3N)-2-C=C}(PBun3)21n n = 47, 35 thf 33 2263 OKGQDA 1.06/0.53 160 
[Pd(C=CC6H22,5-Me2-4-C°C)(PB03)2]n n = 4 thf 19 1169 OKG/IDA 1.06/0.53 160 
[Pd(C=CC6H3-3-NH24-C=C)(PBun3)21n n = 12 thf 15 1753 OKG/IDA 1.06/0.53 160 
[Pd(C=CC6H2-2,5-(0Me)2-4-C=C)(PB03)2]n n = 67 thf 22 2432 OKG/IDA 1.06/0.53 160 
[Pt(CC6H4-4-C=CC=CC61-14-4-CC)(PB03)2]n n = 223, 97 thf 90,121 4558,4025 OKG/IDA 1.06/0.53 160 
[Pt(CCC6H4-4-C=CC=CC6H4-4-CC)(PBun3)2]n n > 144 thC 856 3570 OKGQDA 1.06/0.53 165 
[Pt(C=CC6H2-2,5-Me2-4-CECCCC6H22,5-Me24-C=C)(PB03)2]n n = 52,38 thf 116 2432 OKG/IDA 1.06/0.53 160 
[Pt(CECC6H2-2,5-Me2-4-C=-CC=CC6H22,5-Me24-C=C(PB03)2]n n = 52 [hf 181 4366 OKG/IDA 1.06/0.53 165,168 
thf 120 ± 30 5400 ± 500 OKG 0.53 165 
[Pt(C=CC6H22,5-Et2-4-C=-CC=-CC6H2-2,5-Et2-4-CEC)(PBun3)2]n n = 146 [hf 79 4933 OKG/IDA 1.06/0.53 160 
[Pd(CECC6H4-4-C=CC=CC6H4-4-C=C)(PBun3)2]n oligomer, 5, 2 thf 66 2094 OKG/IDA 1.06/0.53 160 
[Pd(CC61122,5-Et2-4-C=CC=CC6H2-2,5-Et2-4-C=C)(PBun3)2]n n = 16 thf 106 3490 OKG/IDA 1.06/0.53 160 
[Pt(C=CC6H4-4-C-C)(PBun3)2Pt(C.CC6H4C6H4-4-C=-C)(PBun3)21n n = 66 thf 4466 OKGQDA 1.06/0.53 160 
a Units of 10-36 esu except where indicated. b Not reported. 
Third -order measurements of fullerene derivatives are given in Table 1.23. The 
organometallic fullerene derivative [(r12- C60)Pt(PPh3)2] was measured by Z -scan using both 
circular and linear polarized light.169 Different selection rules allowing two -photon 
absorption exist when considering different polarizations of light. The two -photon 
absorption contribution to nonlinearities is substantial here, confirmed by a significant 
difference in the result obtained by using circular polarized light. These measurements are 
complicated because of the comparatively large nonlinearity of the solvent toluene (the 
complex was insufficiently soluble in thf). A broad electron absorption band which tails out 
at -800 nm renders extraction of the off -resonance nonlinearity impossible because of the 
fundamental frequencies employed. This contributes to making comparison of results very 
difficult. Comparison with the free fullerene reveals that coordination to the ligated 
platinum centre significantly increased nonlinear absorption (this is an order of magnitude 
greater in [012- C60)Pt(PPh3)2] than in C60). 
PMePh2 
Ir \ PMePh2 
CO 
Im(x131) = 4.14 x 1017 m2 V'2 
Figure 1.23. [(112- C60)IrI(CO)(PMePh2)2]. 
The imaginary components of the third -order nonlinear susceptibility of palladium and 
iridium complexes of C60 and C70 were determined using saturation spectroscopy. In all 
cases, Im(x(3)) values are smaller than those of uncomplexed C60 (1.78 x 10-16 m2 V-2) or 
C70 (7.55 x 10-17 m2 V-2), a result explained by decreased conjugation in the molecule and 
consequent decreased electron delocalization, although differing photodynamics were not 
excluded. 
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Table 1.23. Third -order NLO measurements of fullerene derivatives. 
Complex Re(X(3)) Im(X(3)) Re y Im y Conc. Technique Polarization t Fund. Ref. 
(esu) (esu) (B/-) (Ps) (11m) 
[(112- C60)Pt(PPh3)2]b 1.4 x 10 -30 3.4 x 100 0.35 Z -scan linear 10 0.53 169 
1.7 x 10 -12 esu 7.8 x 10-i3 esu 6.9 x 10 -31e 1.3 x 10 -30 0.35 Z -scan linear 10 0.53 169,170 
3.2 x 10 -12 esu 2.0 x 10-12 esu 1.4 x 100a 3.4 x 100 0.35 Z -scan circular 10 0.53 169,170 
1.32 x 10-16 m2 V-2 2 IDA 500 0.59 171 
[(FcH)2C6olb 1.2 x 10 -12 esu 7.7 x 10 -13 esu -2.4 x 10-32a 1.8 x 10 -31 2 Z-scan linear 0.53 170 
2.4 x 10 -12 esu 5.6 x 10 -31 2 Z-scan circular 0.53 170 
[Co(p5- C5H5)2C6o]° 1.8 x 10 -13 esu -1.9 x 10 -30 0.068 Z -scan linear 0.53 170 
3.4 x 10 -13 esu -3.6 x 106 0.068 Z-scan circular 0.53 170 
6.8 x 10 -14 esu 1.3 x 10 -31a 0.068 Z -scan linear 1.06 170 
[012- C60)Pd(PPh3)2]b 1.55 x 10 -77 m2 V -2 2 IDA 500 0.59 171 
[(112- C70)Pd(PPh3)2]b 5.78 x 10-17 m2 V-2 2 IDA 500 0.59 171 
[(12- C60)IrI(CO)(PMePh2)2]6 4.14 x 10-17 m2 V-2 2 IDA 500 0.59 171 
[012- C70)I1I(CO)(PMePh2)2]6 2.64 x 10-17 m2 V-2 2 IDA 500 0.59 171 
a Authors note that values are less than or comparable to the total experimental error, and may not be reliable. b As a solution in toluene. ' As a solution in THF. 
Two ( cyclopentadienyl ) bis(phosphine)ruthenium chloride complexes have been 
investigated; the nonlinearities are low. These results have been used in conjunction with 
measured nonlinearities of acetylenes and acetylide complexes to demonstrate that values 
for the latter are not simply the sum of the molecular components (see above). An example 
of a metal alkyl, [Pd2(µ- dppm)2Me2] has also been measured; given the lack of a it- system 
for efficient electron delocalization, the nonlinearity is not surprisingly low. The only 
(isonitrile)ruthenium complex examined has a planar ruthenaphthalocyanine axially ligated 
by 1,4- diisocyanobenzene to form an oligomer. THG measurements of x(31(- 3w;w,w,w) of 
a film of this complex (3.7 x 10-12 esu; Table 1.25.) are significantly less than x(3)(- w;w,w,- 
w) obtained by DFWM (Table 1.23.). A difference of four orders of magnitude was also 
found with the cubic molecular nonlinearities of the mixed cobalt -iron cluster [CoFe2(µ3- 
S)(13- Se)(CO)6015- C5H5)], a significant frequency dependence; as 
`'max is at -550 nm, the 
larger value is likely to be significantly resonance enhanced. 
A range of organometallic films (organotransition metal complexes doped into organic 
polymer hosts) has been examined for their bulk NLO response; results are listed in Table 
1.24. Third -order nonlinear susceptibilities of a ferrocene- containing polyazine have been 
measured in the wavelength region 1.0 to 1.95 µm.155 When the ferrocene unit is replaced 
by a pyridine linkage, the nonlinearity of the polymer is reduced by more than a third. 
Nalwa suggests that the larger nonlinearity in the ferrocene -containing complex arises from 
metal -ligand bonding, with extended conjugation being precluded from the polymer by 
symmetry considerations and lack of orbital overlap. Third -harmonic nonlinearities x(3)(- 
3w:w,w,w) for some (cyclopentadienyl )bis(phosphine)ruthenium complexes containing p- 
substituted benzonitrile ligands in a polymethylmethacrylate host polymer were determined 
by THG. These give moderate nonlinearities that are not ascribed to three -photon 
resonance. Comparison of the results for [Ru(N CC61-14 -4- C6H4- 4- NO2)(dppe)(T15- C5H5)]+ 
with those for oligomers of poly(thiophenevinylene) of similar size using the same 
technique suggests that y is four times larger for the organometallic; this is explained in 
terms of reduced bond -alternation in [Ru(N= CC6H4 -4- C6H4- 4- NO2)(dppe)(115- C5H5)]+ 
for which rt -back donation enhances the delocalized rt- electron system. Variations in the 
counter -ion ([BPh4]-, [PF6]-, [CF3SO3]-, [MeC6H4- 4- SO3]-) or phosphine (dppe, ( +) -diop) 
had minimal effect on the nonlinearity for these complexes. 
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Table 1.24. Third -order NLO measurements of other complexes. 
Complex Solvent Quantity value max Technique Fund. Ref. 
Measured (l.tm) 
[RuCI(PPh3)2(r15-05H5)] thf Re y 150 ± 100 x 10-36 esu 348 Z-scan 0.80 156 
thf Re y 50 ± 20 x 10-36 esu 348 DFWM 0.80 156 
[RuCI(PMe3)2015-05H5)] thf Re y <- 80 x 10-36 esu 346 Z-scan 0.80 ] 56 
thf Re y 80 ± 30 x 10-36 esu 346 DFWM 0.80 156 
[Pd2(µ-dppm)2Me2] CHC13 Re y -1 x 10-46 m5 V-2 DFWM 1.06 164 
CHC13 Im y 2 x 10-46 m5 V-2 DFWM 1.06 164 
CHC13 y 2 x10-46 m5 V-2 DFWM 1.06 164 
[(13114-phthalocyaninato)Ru(4-CNC6H4NC)] CHC13 x(3)(-w;w,w,-(o) 0-11.5 x 10-8 esu DFWM 0.50-0.80 172 
[Ir(CHCHCMeNHEt){HB(dmpz)3}] CH2C12 n2 -6.6 ± 0.7 x 10-11 cm2 W-t Z-scan 0.53 173 
[CoFe2(113-S)(13Se)(CO)6015-05H5)] y 2.7 x 10-14 m2 W-1 -550 Z-scan 0.53 174 
y -5.8 x 10-18 m2 W-1 -550 Z-scan 1.06 174 
Table 1.25. Third-order measurements on organometallic films and composites. 
Material Film Thickness y(3) y Technique Fund. Ref. 
(nm) (10-12 esu) (10-36 esu) (µm) 
[Fe{T15-05H3(C6H13)-2 (E)-CH=CH}2]n 1-4 THG 1.0-2.4 175 
[(N=CMe-r15-05H4)Fe{115-05H4CMe=NN=CMeC(CH2CH2CH3)=N}]n 190 9.43 THG 1.05 155 
190 12.0 THG 1.2 155 
190 19.8 THG 1.5 155 
190 22.3 THG 1.8 155 
190 21.1 THG 1.95 155 
[Ru(NCC61-14-4-NO2)(dppe)(715-05H5)][BPh4]° 200-400 0.07 230 THG 1.06 176 
[Ru(N=CC6H4-4-NO2)(dppe)(r15-05H5)][PF6]a 200-400 0.17 470 THG 1.06 176 
[Ru(N.CC61-14-4-NO2)(dppe)(115-05H5)][CF3S03]a 200-400 0.23 510 THG 1.06 176 
[Ru(N-C6H4-4-NO2)(dppe)(15-05H5)][MeC6H4-4-SO3]a 200-400 0.23 630 THG 1.06 176 
[Ru(N=CC6H4-4-NO2)(dppe)015-05H5)][BF4]a 200-400 0.27 690 THG 1.06 176 
[Ru(N=CC6H4-4-NO2)((+)-diop)(115-05H5)][PF6]a 200-400 0.24 720 THG 1.06 176 
[Ru(NCC6H4- 4-NO2)((+)-diop)(115-05H5)]{CF3S03]a 200-400 0.21 650 THG 1.06 176 
[Ru(N=CC6H4-4-NO2)((+)-diop)(T15-05H5)][MeC6H4-4-SO3]° 200-400 0.10 320 THG 1.06 176 
[Ru(N CC6H4-4-NMe2)(dppe)(r)5-05H5)][PF6]a 200-400 0.21 590 THG 1.06 176 
[Ru(NC6H4-4-Ph)(dppe)015-05H5)][PF6]a 200-400 0.24 660 THG 1.06 176 
[Ru(N-(E)-CH=CHC614-4-NO2)(dppe)(T15-05H5)][PF6]a 200-400 0.36 1020 THG 1.06 176 
[Ru(NC6H4-4-C6H4 4-NO2)(dppe)(115-05H5)][PF6]a 200-400 0.76 2280 THG 1.06 176 
[Fc((E)-CH=CH)3Fc]6 1000-2000 0.029 DFWM 0.53 177 
[(13u4-phthalocyaninato)Ru(4-CNC6H4NC)]nc 160 3.7 ± 1.5 - THG 1.06 172 
a As a polymethyl methacrylate composite, ca 10% by mass. b As a polystyrene composite, ca 2.5% by mass .c As a spin-cast film. 
1.6. Optical limiting properties of organometallic 
complexes 
The optical limiting properties of metal cluster compounds and some fullerene complexes 
have been studied by reverse saturable absorption (RSA), with some of the results 
reviewed.178 Table 1.26. contains optical limiting data for the cluster and fullerene 
complexes investigated. 
Cyclopentadienyliron carbonyl tetramer ([Fe(CO)(115- C5H5)14, King's complex) has been 
shown to exhibit RSA on picosecond timescales.179 The cross section of the singlet excited 
state is about twice that of the ground state, much too small to explain the degree of RSA 
observed on nanosecond timescales.179 Subsequently, cross sections for ground and first 
excited state absorptions, first excited state lifetime and an upper limit on the second excited 
state lifetime were determined.180 The contribution of intersystem crossing to the triplet 
state has been assessed; from the picosecond measurements, it seems that the majority of 
molecules relax directly from the first excited singlet state to the ground state with minimal 
population in the triplet excited state. 
Parameters gained from the picosecond measurements have been used in conjunction with 
the five level model to attempt to predict the response observed on the nanosecond 
timescale; however, the nanosecond response was too strong to be modelled by the excited 
state parameter extracted from the picosecond experiments. In order to explain the 
difference between the picosecond and nanosecond responses, further experiments with 
varying laser fluences (where fluence is the energy of the laser per unit of area) and delay 
times between pump and probe beams were performed, which suggested that the large 
nanosecond responses had significant thermally induced scattering (this thermal effect is 
too slow to affect the picosecond measurements at fluences used to obtain previous data). In 
order to eliminate this thermally induced scattering, nanosecond measurements were 
perfomed on King's complex embedded in a solid host, resulting in much better agreement 
with the five level model using picosecond parameters but even better agreement with a 
three level model (i.e. ignoring triplet absorption).180 It seems then that triplet absorption 
plays a very minor role in RSA of King's complex. 
The ground to first excited state transition has been ascribed to electron transfer from a d- 
orbital of the metal to an antibonding orbital.181 To determine the origin of the excited 
state absorption responsible for RSA in King's complex, several derivatives of this complex 
were prepared and RSA measurements performed on a picosecond timescale,181 with 
[Fe(CO)(rl5- C514Me)]4, [Fe(COAlEt3)(115- C5H5)]4 and King's complex affording virtually 
100 
the same response.181 Both LMCT and MLCT transitions have therefore been rejected as 
the source of the excited state absorption, as these cluster modifications impact on charge 
transfer transitions involving carbonyl ([Fe(COAlEt3)015- C5H5)14) and cyclopentadienyl 
([Fe(CO)(rl5- C514Me)]4) ligands. The measured excited state cross section in King's 
complex and its methylcyclopentadienyl analogue showed no solvent dependence for 
solvents dichloromethane, thf and toluene; the excited state transition responsible has 
therefore been tentatively assigned to a second d -d transition within the metal core. 
A series of iron -cobalt mixed -metal clusters were examined to probe the effect of ligand 
variation (CO to PMe3 to PPh3) and removal of hydride ligand ([cluster]H versus [cluster]-) 
on the RSA response.182,183 It was found that the RSA response varies little upon hydride 
removal, but that ligand substitution strongly affects optical limiting performance;182 
significantly, although replacing PMe3 by PPh3 produces large changes in the optical 
limiting response, no change was observed in the ground state UV -vis spectrum. 
Fullerene derivatives have also been investigated. Complexation of both C60 and C70 
modifies the absorption spectra significantly, with large shifts (50 -100 nm) in absorption 
maxima. The first excited state cross sections 601 of the complexes are all larger than those 
of the non -ligated fullerenes (Co: 1.45 x 10-18 cm2; C70 2.94 x 10-18 cm2), and the 
1712 /1701 ratios for the non -ligated fullerenes (C60: 4.16; C70 2.74) are larger than those for 
the fullerene complexes with the exception of the C60- chromium complexes measured by 
Song et al. Inclusion of the metal fragment in the latter complex improves the optical 
limiting properties compared to C60. Each of the other complexes in Table 1.26. are poorer 
optical limiters than the free fullerenes. 
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Table 1.26. Optical limiting data. 
Complex Solvent X. 
(nm) 
Pulse Width 601 
(10-18 cm2) 
612 
(1018 cm2) 
tilo ti21 
(ps) 
Ref. 
[Fe(CO)(115-05H5)]4 CH2C12 532 25 ps 4.1 7.8 ± 0.8 120 ± 5 ps < 1 179-181 
[FeMe(CO)(115-05H4Me)]4 CH2C12 532 25 ps 4.7 9.1 ± 0.9 120 ± 5 ps 181 
[Fe(COA1Et3)(115-05H5)]4 CH2C12 532 25 ps 4.9 7.3 ± 1.4 120 ± 5 ps 181 
[11FeCo3(CO)12] CH2Cl2 532 8 ns 182,183 
[NEt4][FeCo3(CO)12] CH2C12 532 8 ns 182,183 
[HFeCo3(CO)10(PMe3)2] CH2Cl2 532 8 ns -115 ns 182,183 
[HFeCo3(CO)10(PPh3)2] CH2C12 532 8 ns -115 ns 182,183 
[(112-C60)Pt(PPh3)2] toluene 588 500 ps 11.4 16.4 171 
[(112-C60)Pd(PPh3)2] toluene 588 500 ps 5.61 9.09 171 
[(112-C70)Pd(PPh3)2] toluene 588 500 ps 11.6 14.2 171 
[(112-C60)IrI(CO)(PMePh2)2] toluene 588 500 ps 2.56 7.11 171 
[(112-C70)IrI(CO)(PMePh2)2] toluene 588 500 ps 3.46 8.93 171 
[(112-C60)Cr(CO)3(dppe)] CH2C12 532 21 ps 7.5 350 184 
1.7. Conclusion 
The studies summarized above have begun to establish structure /NLO property relationships 
for organometallic systems, but a great deal of work investigating variation in metal, charge - 
transfer ligands, oxidation state, co- ligands, and geometry remains to be done. The 
molecular nonlinearities obtained for some of the complexes are extremely large, 
suggesting that the potential for application of organometallics remains. 
In the current work, the results of studies addressing some of the points mentioned above 
are presented, namely, the effect of metal variation (Chapter 2), charge- transfer ligands 
(Chapter 3) and molecular geometry (Chapter 4) upon the optical nonlinearities. 
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Chapter 2 
Acetylide Complexes of Iron, 
Ruthenium and Osmium and 
Some of Their Nonlinear 
Optical Properties 
2.1. Introduction 
Chapter 1 contains many examples of transition metal acetylide complexes possessing 
extremely large second -order nonlinearities. These complexes generally contain an electron 
donating species linked by a n- conjugated system to an electron accepting moiety. While 
there are many reports describing the effects of variation of donor and acceptor groups, 
modification of conjugated linkages, and ligand variation about the metal centres, few 
reports of the systematic variation of metals within a group exist. 
While the current work was in progress, Wenseleers et all prepared a series of cationic nitrile 
complexes (see Figure 2.1.(a) and Table 1.11.) and found that the trend in (3HRS for metal 
variation was iron > ruthenium > nickel > cobalt. They suggested a correlation between the 
N =C stretching frequency and (3. 
Earlier studies of some metallocenyl complexes revealed larger values of 13 for ferrocenyl 
complexes than for the homologous ruthenocenyl examples.2 -5 In this group of complexes, 
the metal does not lie in the plane of the it- conjugation; rather, it is orthogonal to it (see 
Figure 2.1.(b); it has been suggested that this geometry may reduce the effectiveness of the 
metal as a donor in these molecules.5 
Reports of second -order optical nonlinearities of several series of early transition metal 
complexes of chromium, molybdenum and tungsten4,6 -10 show that, for some examples, 
there is little difference upon metal replacement,9 but with others significant differences are 
observed.10 In any case, the metal variation in these complexes occurs at the group 6 metal 
centre (see Figure 2.1.1.(c)) which is acting as an electron acceptor, in contrast to the group 
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8 complexes targeted for investigation in this project in which the ligated metal is a donor 
group. 
(a) 
n+ 
o M-N-C NO2 Ph2VPPh2 
M= Fe: 13 = 410 x 1030 esu 
Ru: fi = 138 x 10-30 esu 
Ni: (3 = 93 x 10-30 esu 
Co: 13 = 45 x 10-30 esu 
H 
M 
C 
H o NO2 
M= Fe: (3 = 31-34 x 10-30 esu 
Ru: ß = 12-16 x 1030 esu 
(c) H 
Ru- C- C-C. 
Ph3P PPh3 o OC, 
CO 
C= N -M -CO 
COCO 
M = Cr: ß = 465;130= 119 x 10" esu 
W: ß = 700;130= 150 x 10-30 esu 
Figure 2.1. 
The aim of the work presented in this Chapter is to examine the effect of metal variation 
upon the second -order optical nonlinearity of several series of group 8 transition metal 
acetylide complexes. The target complexes are shown in Figure 2.2.(a). In these complexes, 
the metal lies in the same plane as the alkynyl ligand it system and should therefore act as 
an effective electron donor. The alkynyl ligand C.-4 -NO2 was chosen because i) the 
nitro group acts as an effective electron acceptor, ii) the phenylethynyl moiety provides a 
system of in- delocalized electrons linking the donor to the acceptor, iii) the associated 
alkyne is straightforward to prepare, and iv) previous studies have shown that transition 
metal complexes incorporating this ligand have high molecular second -order optical 
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nonlinearities.11 The optically active ligand 1,2- bis (methylphenylphosphino)benzene, 
henceforth referred to as diph (see Figure 2.2.(b)), was used in one series of complexes to 
ensure non -centrosymmetric packing in the solid state, a prerequisite for bulk second -order 
NLO activity. 
(a) LM- C=C o NO2 (b) 
M = Fe, Ru, Os 
L = C1((R,R)-diph)2 
(dppe)(r15-0515) 
(PPh3)2(115-05H5) (except for M = Fe) 
Me.,1/4 oPh 
P P, 
P}ì Me 
(S,S)-diph 
Figure 2.2. Target complexes (a) and the diph ligand (b). 
Many synthetic routes to transition metal acetylide complexes have been developed. The 
transmetallation of metal acetylides has been used in a number of cases. Replacement of 
alkali metals,12 -33 magnesium (in Grignard -type compounds),3435 and trialkyltin36 -38 by 
transition metal centres has been used to create metal -acetylide complexes. A variation of 
this idea involves reacting a terminal alkyne with a transition metal halide complex along 
with a catalytic amount of copper(I). The intermediate copper acetylide complex may then 
undergo transmetallation with the transition metal halide complex to form a transition metal 
acetylide complex.23,39 -43 The reaction of a terminal alkyne with a transition metal 
hydride, with the elimination of dihydrogen, has also been successfully employed 44 -52 The 
replacement of weakly coordinated ligands on a transition metal centre with acetylide has 
been reported.42,53 -62 Oxidative addition of an alkyne to a transition metal centre is 
another proven synthetic procedure.63 -70 The synthetic approach used in the current work 
is based on literature procedures71 -81 that involve the formation of an intermediate 
vinylidene complex by reacting a terminal alkyne with a ligated transition metal halide (see 
Scheme 2.1). 
a 
[LnMX] + HC=CR -4 [LrM=C=CHR]+X [LnMC=CR] + BaseH + X 
Scheme 2.1. 
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In some instances the vinylidene complex may be isolated, whereas in other cases it is 
preferable to perform the deprotonation step in situ. The deprotonation of the (3- carbon of 
the vinylidene complex proceeds rapidly upon the addition of a base (such as methoxide 
ion) to yield the desired acetylide complex. A variation on this procedure involves 
including base in the reaction mixture, thereby deprotonating the vinylidene as soon as it is 
formed.82 -S6 This method is used in the work presented in Chapter 3 for the formation of a 
gold acetylide complex. 
In several instances in the current work, no appropriate precursor complexes had been 
reported. The syntheses of these precursors are described in Sections 2.2. - 2.4. together 
with those of the new acetylide complexes. Selected characterization data is presented in the 
synthetic discussion, while a comparison of selected characterization data are presented in 
Section 2.6. 
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2.2. Synthesis of Iron Complexes 
2.2.1. Synthesis of O 436 -trans-( Fe(4- C _CC6H4NO2)CI((R,R)- diph)2] 
The new complex ( -) 435- trans-[ Fe (4- C CC6H4NO2)Cl((R,R)- diph)2] was prepared from its 
dichloro precursor, the latter prepared by extending the literature procedures for the 
preparation of [FeC12(diphos)2]87 [where diphos = 1, 2- bis(dimethylphosphino)benzene]. 
The acetylide complex was then synthesized by modifications to the procedure described 
for the synthesis of trans- [Ru(C=CPh)Cl(dppe)2].8° An outline of the procedure is shown in 
Scheme 2.2. 
The new iron dichloride complex ( -)589- trans- [FeC12((R,R)- diph)2] was obtained in 
excellent yield by stirring two equivalents of the diph ligand with [FeC12.1.5THF]88 in 
refluxing methanol for 30 min. Performing the reaction at this temperature avoids 
racemization of the free diph ligand which ensues at temperatures approaching 80 °C. The 
complex was characterized by 1H and 31P NMR spectroscopy, microanalyses, FAB mass 
spectrometry and optical rotation measurements. 
The trans geometry of the complex was established by 31P NMR spectroscopy, a broad 
singlet at 67.7 ppm being observed. The optical activity of the complex was confirmed by 
optical rotation measurements. The complex has a large specific rotation at 589 nm with 
[tt]p = -1760 (c 0.101, CH2C12). The UV -vis spectrum contains overlapping bands at 
37400 and 34700 cm-1, characteristic of phenyl substituents on the phosphine,11 together 
with a much weaker band at 26400 cm-1. 
Preparation of the complex ( -) 436 -trans- [Fe (4- C=CC6H4NO2)C1((R,R)- diph)2] (Figure 
2.1.) proceeded in two steps. In the first step, a cationic vinylidene of the form 
[ Fe( C= CHC6H4- 4- NO2)C1((R,R)- diph)2]+ was formed by stirring trans-[FeC12((R,R)- 
diph)2], 4- HC=CC6H4NO2 and sodium hexafluorophosphate in refluxing dichloromethane 
for 2 h. The hexafluorophosphate counterion stabilizes the above -mentioned vinylidene 
(both the sodium and ammonium salts of the hexafluorophosphate anion are used 
throughout this work, the use of a particular salt being determined by availability in the 
laboratory). The vinylidene complex is air sensitive, attempts at collection by filtration in air 
leading to significant decomposition. If the vinylidene was not isolated from any unreacted 
acetylene before addition of base (to form the acetylide complex), then two difficulties 
arose: i) separation of the acetylide product and any unreacted acetylene was extremely 
difficult, and ii) small quantities of bis- acetylide complex formed. Furthermore, if an excess 
of the acetylene was not used, yields were substantially reduced. The vinylidene was 
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therefore isolated by precipitation from a dichloromethane / petroleum spirit mixture using 
Schlenk techniques and the excess acetylene (still in solution) removed by filter- tipped 
cannula. In the second step, the vinylidene complex was deprotonated with sodium 
methoxide in an oxygen -free environment to yield the acetylide complex in 54 % yield. 
The acetylide is air stable [samples have shown no noticeable degradation (monitoring by 
NMR spectroscopy) over a period of months when kept in vials under air]. The complex 
was characterized by 1H and 31P NMR spectroscopy, satisfactory microanalysis, IR and UV- 
vis spectroscopy, FAB mass spectrometry and optical rotation measurements. 
FeC12. 1.5THF 
PhMeP /PMePh (S,S)-diph 
CI-Fe-CI 
methanol 
reflux 30 min PhMeP PMePh 
(85 %) 
1. H 0 -NO2 
NaPF6 / reflux CH2C12 / 2 h 
2. NaOMe / CH2C12 / room temp. 
R 
PhMeP PMePh 
Cl NO2 
PhMeP PMePh 
(54 %) 
Scheme 2.2. Synthesis of ( -)589- trans- [FeC12((R,R)- diph)2] and 
( -) 436 - trans - [Fe(4- C CC6H4NO2)Cl((R, R)- diph)2] 
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The FAB mass spectrum contains signals due to the molecular ion, with bandshapes 
consistent with those predicted from their isotope composition. Fragmentation of the 
molecular ion by competitive loss of the chloride, acetylide, and diphosphine ligands is 
observed. The UV -vis spectrum of a tetrahydrofuran solution of this complex has bands at 
37 400 and 36 400 cm-1, similar to the parent dichloride, but also contains a weak band at 
29 400 cm-1 and a more intense one at 18 400 cm* the latter assigned to a MLCT 
transition from the metal to the acetylide ligand. The IR spectrum of a dichloromethane 
solution of the complex shows a characteristic v(C =C) at 2043 cm-1. 
The 31P NMR spectrum is useful in confirming the trans geometry of the complex. There 
are two sets of inequivalent phosphorus centres in this molecule because of the chiral 
diphosphine ligands. Figure 2.3. illustrates this (the phenylene and phenyl groups have 
been omitted for clarity). It can be seen that one set of phosphorus atoms (Pb) have methyl 
substituents directed towards the acetylide ligand (and thus the phenyl groups are directed 
towards the choride ligand) whereas the converse applies for the phosphorus atoms Pa. This 
gives rise to two triplet signals, observed at 72.3 and 77.0 ppm in the 31P NMR spectrum of 
a chloroform solution of the complex. 
Me\ /Me 
P?r b 
Cl M-C-CR 
Pá Pb / \ Me Me 
Figure 2.3. Representation of trans- [M(C =CR)Cl((R,R)- diph)2] 
The 1H NMR spectrum contains signals at 1.52 and 1.59 ppm, assigned to the two sets of 
inequivalent methyl groups. Doublet signals assigned to the protons on the ring of the 
acetylide ligand are seen at 6.23 ppm (protons meta to the nitro group) and 7.78 ppm 
(protons ortho to the nitro group). Multiple signals assigned to the phenyl and phenylene 
groups of the diphosphine ligand are located between 7.23 and 7.52 ppm. 
Measurement of the optical rotation at the frequently used sodium 'D' line (589 nm) was not 
possible using the apparatus available because of strong absorption at this wavelength. The 
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measurement was made at 436 nm where absorption was weaker, a specific optical rotation 
of [a]436 = -3820 (c 0.022, CH2Cl2) being recorded. 
2.2.2. Synthesis of [Fe(4 -C CC6H4NO2)(dppe)(115- C5H5)] 
The new complex [ Fe (4- C= CC6H4NO2)(dppe)(115- C5H5)] was prepared by extending the 
literature procedure for the preparation of [Fe(C=CBut)(dppe)(115- C5H5)] to include 4- 
ethynylnitrobenzene.62 A mixture of [FeCl(dppe)(115- C5H5)],89 4- HC =CC6H4NO2 and 
ammonium hexafluorophosphate were stirred in refluxing methanol to yield the vinylidene 
complex [ Fe( C= CHC6H4- 4- NO2)(dppe)(1-15- C5H5)][PF6] which was deprotonated in situ 
using sodium methoxide. The acetylide complex thus formed was characterized by IR, UV- 
vis, 1H and 31P NMR spectroscopy, satisfactory microanalysis, and FAB mass -spectrometry. 
The FAB mass spectrum contains signals due to the molecular ion, with bandshapes 
consistent with those predicted from their isotope composition. Fragmentation of the 
molecular ion is observed with peaks indicating competitive loss of the chloride and 
acetylide ligands. The UV -vis spectrum of this complex has bands at 31 500 and 20 000 
cm -1, the latter being assigned to a MLCT transition from the metal to the acetylide ligand. 
The IR spectrum shows a characteristic v(C =C) at 2044 cm-1. The 1H NMR spectrum 
contains resonances at 2.23 and 2.55 ppm, assigned to the two sets of inequivalent ethylene 
protons of the diphosphine ligand, a singlet assigned to the cyclopentadienyl ring at 4.29 
ppm, and a signal assigned to the protons meta to the nitro group on the ring of the 
acetylide ligand at 6.25 ppm. The protons ortho to the nitro group are obscured by 
multiple signals assigned to the phenyl groups of the diphosphine ligand, located between 
7.20 and 7.84 ppm. The 31P NMR spectrum contains one broad singlet at 106.2 ppm. 
2.2.3. Attempted synthesis of [Fe(4 -C CC6H4NO2)(dppm)(t75- C5H5)] 
It was originally planned to synthesize the complex [Fe(4-C=CC6H4NO2)(dppm)(1-15- 
05H5)], rather than the dppe analogue, simply because of availability of the diphosphine in 
the laboratory. However, this was not achieved by either of the two methods trialed. The first 
method involved preparing the complex [FeCI(dppm)(95- C5H5)] and proceeding in an 
analogous fashion to that utilized with the dppe- containing complex (described above). 
Several attempts to prepare [FeCl(dppm)(r15- C5H5)] by the photolysis of [FeCl(CO)2(115- 
05H5)] in the presence of the diphosphine89 (the same method that was successfully used to 
prepare [FeCl(dppe)(r15- C5H5)]) yielded only the mono -substituted complex 
[FeCI(CO)(B 1- dppm)(r)5- C5H5)]. The second method involved preparing the carbonyl 
acetylide complex [ Fe (4- C CC6H4NO2)(CO)2015- C5H5)] and then reacting this with dppm 
under photolytic conditions using the method of Gamasa et al 23(used to prepare the 
complexes [Fe(C=CR)(dppm)(715- C5H5)] where R = SiMe3, CO2Me, But, Ph). The carbonyl 
acetylide complex was easily prepared by the method of Bruce et al43 but photolysis in the 
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presence of dppm gave only unidentified decomposition products. At this stage, the 
decision was taken to use the dppe ligand, which was successfully used as described in 
Section 2.2.2. A decision was also made not to attempt the synthesis of the bis- 
triphenylphosphine analogue because i) a search of the Chemical Abstracts database failed 
to find reports of the parent complex [FeCI(PPh3)205- C5H5)] or related acetylide 
complexes, the inference being that the cone angle of triphenylphosphine is too large for a 
di- substituted iron cyclopentadienyl halide or acetylide complex, and ii) the synthesis using 
the dppe ligand was successful. 
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2.3. Synthesis of Ruthenium Complexes 
2.3.1. Synthesis of ( ) 589 -trans- 111u(4-C CC6H4NO2)Cl((R,R)- diph)2] 
The new complex ( )589- trans-[ Ru (4- C CC6H4NO2)Cl((R,R)- diph)2] was prepared by 
extending literature procedures for the preparation of cis- [RuC12(dppm)2]90 and trans- 
[Ru(4 -C =CC 6H4NO2)Cl(dppm)2]76'81 to the diph- containing analogues. The synthetic 
procedure is outlined in Scheme 2.3. 
[RuC12(DMSO)4] 
(S,S)-diph 
methanol 
reflux 30 min 
Y MePh 
P 
PhMeP /Cl 
Ru 
PhMeP"' 
1 PMePh 
(71 %) 
PhMeP /pMePh 
+ Cl-Ru-Cl 
PhMeP PMePh 
1. H (I) NO2 
NaPF6 / reflux toluene / 2 h 
2. NaOMe / CH2C12 / room temp. 
PhMeP PMePh 
CI R;-O NO2 
PhMeP PMePh 
(63 %) 
Scheme 2.3. Synthesis of cis / trans- [RuC12((R,R)- diph)2] and 
( ) 589 -trans-[ Ru (4- CnCC6H4NO2)C1((R,R)- diph)2] 
(16 %) 
126 
The complex ( -)589- cis- [RuC12((R,R)- diph)2] has been prepared previously by Grocott and 
Wild.91 In their preparation, the complex trans- [RuC12((R,R)- diph)2] is prepared from 
RuC13nH2O which has been reduced to Ru11 in situ by hydrogen gas, by addition of the 
diphosphine ligand in a boiling methanol / formaldehyde mixture. The trans complex is 
then isomerized to the cis complex by treatment with triethylaluminium at 75 °C for 2 h. An 
adaptation92 of the procedure for the preparation of cis- [RuC12(dppm)2]90 achieved a more 
convenient synthesis. The easily prepared [RuC12(DMSO)4] complex93 (where DMSO = 
dimethylsulfoxide) and the diphosphine ligand were stirred in refluxing methanol for 30 
min. After recrystallization, the complex ( -)589- cis- [RuC12((R,R)- diph)2] was obtained in 
good yield (71 %) and a small amount (16 %) of the trans isomer was isolated from the 
mother liquor. The 31P NMR spectrum of the cis complex shows two sets of triplet signals, 
consistent with the geometry of the dichloride complex. Other spectral data have been 
reported previously.91 
As with its iron homologue, the preparation of ( -)589- trans- [Ru(4- C CC6H4NO2)CI((R,R)- 
diph)2] proceeded in two steps. In the first step, the ruthenium vinylidene complex was 
formed by stirring ( -)589- cis- [RuC12((R,R)- diph)2], 4- HC CC6H4NO2 and sodium 
hexafluorophosphate in refluxing toluene for 2 h, but unlike the iron vinylidene complex, 
the ruthenium homologue could be collected by filtration in air without any significant 
decomposition. In the second step, the vinylidene was dissolved in dichloromethane and 
deprotonated with base to yield the air - stable acetylide complex in 63% yield. The acetylide 
complex was characterized by 1H, 13C and 31P NMR spectroscopy, microanalyses, IR and 
UV -vis spectroscopy, FAB mass spectrometry and optical rotation measurements. When 
trans- (RuC12((R,R)- diph)2] was substituted for the cis isomer in this synthetic procedure, no 
product was obtained; after several days, only starting material was recovered from the 
reaction mixture. 
The 1H NMR spectrum of the acetylide product has signals at 1.59 and 1.64 ppm, assigned 
to the two sets of inequivalent methyl groups, signals assigned to the protons on the ring of 
the acetylide ligand at 6.41 ppm (protons meta to the nitro group) and 7.82 ppm (protons 
ortho to the nitro group), and multiple signals assigned to the phenyl and phenylene groups 
of the diphosphine ligand are located between 7.24 and 7.53 ppm. The 31P NMR spectrum 
is consistent with the assignment of a trans geometry; the two sets of inequivalent 
phosphorus centres give rise to two triplet signals, observed at 50.4 and 54.4 ppm. The 13C 
NMR spectrum shows two multiplets at 12.4 and 14.9 ppm, which may be assigned to the 
two inequivalent methyl groups of the diph ligand which couple to the phosphorus atoms. 
A singlet signal at 111.6 ppm may be assigned to the (3- carbon of the acetylide ligand (no 
signal from the a- carbon was found). A multitude of resonances are observed between 
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123.4 and 147.4 ppm and are assigned to the carbon atoms of aromatic rings of the diph 
and acetylide ligands. The FAB mass spectrum contains signals due to the molecular ion, 
with bandshapes consistent with those predicted from their isotope composition. 
Fragmentation of the molecular ion occurs by loss of the chloride, acetylide, and 
diphosphine ligands. The UV -vis spectrum of this complex is similar to that of the trans - 
dichloride complex, with bands at 39 800 and 41 200 cm -1, but also a band at 21 400 cm -1 
which may be assigned to a MLCT transition from the metal to the acetylide ligand. The IR 
spectrum contains a characteristic v(CC) at 2057 cm-1; this corresponds to a blue shift of 
more than 10 cm-1 compared to the analogous band for the iron homologue. A 
dichloromethane solution of the complex at the sodium 'D' line (589 nm) revealed a 
specific optical rotation of [alp = -504 (c 0.145, CH2C12). 
2.3.2 Synthesis of [Ru(4- CC6H4NO2)(dppe)(r75- C5Á5)] 
The new complex [ Ru (4- C CC6H4NO2)(dppe)(115- C5H5)] was prepared by modifications 
to the procedures used for the preparation of ( -)589- trans- [Ru(4- C=CC6H4NO2)Cl((R,R)- 
diph)2]. A mixture of [RuCl(dppe)(115- C5H5)],55 4- HC CC6H4NO2 and ammonium 
hexafluorophosphate was stirred in refluxing methanol for 1 h. The vinylidene complex is 
air stable and it was isolated in air, before deprotonation to form the desired acetylide 
complex. The acetylide complex was characterized by 1H and 31P NMR, FAB mass 
spectrometry, satisfactory microanalysis, IR and UV -vis spectroscopy. 
The 1H NMR spectrum contains signals at 2.30 and 2.57 ppm, assigned to the ethylene 
bridge of the diphosphine ligand, a singlet at 4.79 ppm, assigned to the cyclopentadienyl 
ligand, and at 6.31 ppm signal assigned to the protons meta to the nitro group at 6.31 ppm. 
The protons ortho to the nitro group are obscured by signals assigned to the phenyl groups 
of the diphosphine ligand, located between 7.26 and 7.87 ppm. The 31P NMR spectrum has 
the expected single resonance at 86.2 ppm. The FAB mass spectrum contains signals due to 
the molecular ion, with a bandshape consistent with that predicted from the isotope 
composition. Fragmentation of the molecular ion occurs by the loss of the acetylide ligand. 
The IR spectrum shows the expected v(C =C) at 2056 cm-1, a a shift of more than 10 cm-1 
towards the higher energy end of the spectrum compared to the analogous absorption for 
the iron homologue. The UV -vis spectrum of this complex contains a band at 22 200 cm -1, 
assigned to the MLCT transition from the metal to the acetylide ligand. 
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2.4. Synthesis of Osmium Complexes 
2.4.1 Synthesis of ( -) 365 -trans -[Os(C CC6H4R)Cl((R,R)- diph)2] 
The synthesis of ( -) 365 -trans-[ Os(4- C CC6H4NO2)Cl((R,R)diph)2] posed a greater 
challenge than that of its iron or ruthenium homologues. Established methodologies for 
synthesis of analogous bis(diphosphine) complexes are not satisfactory for the preparation 
of the acetylide precursor cis- [OsC12((R,R)- diph)2]; some methods require elevated 
temperatures94,95 which racemize the uncoordinated optically active diphosphine ligand, 
while others yielded little or no product when trialed with the diph ligand.96'97 A new route 
was therefore developed (see Scheme 2.4.) and is discussed below. 
Os04 
(NH4)2[OsCI6] 
1. HCl / FeC12 
1. NH4C1 H4 
trans- [OsC12(DMSO)4] 
90 °C 
1. cation exchange 
2. dmso 
R,R -diph 
trans- [OsCl2((R,R)- diph)2] ) 
methanol / 
reflux 
150 °C 
cis- [OsCl2(DMSO)4] R,R -diph .- cis- [OsCl2((R,R)- diph)2] 
methanol/ 
reflux 
toluene / 
reflux 
1.4- HC=CC6H4NO2 
2. NaPF6 
3. base 
trans- [0s(4- C= CC6H4NO2)C1((R, R)- diph)2] 
Scheme 2.4. Synthesis of osmium complexes. 
Ammonium hexachloroosmate may be prepared from the commercially available osmium 
tetroxide using the method of Dwyer and Hogarth98 and converted to hexachloroosmic 
acid by cation exchange chromatography. Antonov et al. have reported that 
[OsC12(DMSO)4] can be prepared directly from hexachloroosmic acid,99 and although the 
syntheses93,100 -102 and structural characterization100,103,104 of ruthenium sulfoxide 
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complexes have been the subjects of many reports, only two studies of the osmium 
analogues have appeared.99,105 Because the osmium dimethylsulfoxide complexes were 
little studied, an investigation into this area was undertaken. 
Antonov et al spectroscopically identified two isomers as trans- [OsC12(Me2S0)4] and cis - 
[OsCl2(Me2S0)3(Me2S0)] (where Me2SO and Me2S0 are S and 0 -bound 
dimethylsulfoxide ligands, respectively) but no structural or reactivity studies of these 
complexes were reported prior to the current work. Reaction of hexabromoosmate with 
Me2S0 is reported to afford trans- [OsBr2(Me2S0)41106 The analogous reaction with 
hexachloroosmate was trialed but reaction of the ammonium or potassium salts of 
hexachloroosmate with Me2S0 in the presence of SnC12.2H2O at temperatures between 110 
and 180 °C did not afford any of the desired product. The trans isomer was therefore 
prepared by cation exchange of the ammonium complex, followed by heating the resultant 
hexachloroosmic acid in DMSO at 90 °C. Routes into the cis as well as trans isomer are of 
interest, as the homologous ruthenium examples show differing reactivity and product 
selectivity to a range of substrates. It was found that the trans isomer can be converted into 
the cis isomer in a facile fashion by heating the former in Me2S0 at 150 °C. The 
spectroscopic and analytical data for trans- [OsC12(Me2SO)4] confirm the previously - 
assigned geometry;99 in particular, singlets in the 1H and 13C NMR spectra at 3.44 and 42.0 
ppm, respectively, are consistent with four sulfur -bound Me2S0 ligands with mutually trans 
geometry. The mass spectrum contains a molecular ion and fragment ions corresponding to 
competitive loss of oxygen and chlorine. An X -ray structural determination (see Section 
2.5.) confirms that the Me2S0 ligands lie in the equatorial plane of the molecule. Signals 
observed in the 1H and 13C NMR spectra of cis- [OsC12(Me2S0)4] suggest three S 
coordinated Me2S0 ligands and one O bound ligand, in agreement with the assignment of 
Antonov et al 99 The presence of an 0 -bound ligand is corroborated by a band 
corresponding to the fragment [OsCl2O(Me2S0)2]+ observed in the FAB mass spectrum, in 
addition to bands corresponding to the molecular ion and competitive fragmentation of O 
and Cl as observed with the trans isomer. The UV -vis spectrum of the trans isomer is readily 
distinguishable from that of the cis isomer due to the presence of a weak low- energy 
absorption at 28 460 cm-1. In addition to resonances corresponding to cis- [OsC12(Me2S0)3 
(Me2S0)1, the 1H NMR spectrum also contain small singlets at 3.48 and 3.64 ppm (ratio 
1:1), assigned to a 10% abundant minor isomer. A crystal grown from the mixture was 
structurally characterized by X -ray diffraction as the all S -bound cis -isomer (see Section 
2.5.). 
Preparation of cis- [OsC12((R,R)- diph)2] involves reacting (S,S) -diph with cis - 
[OsC12(DMSO)4] in refluxing methanol. Reaction at this temperature avoids the rapid 
racemization which ensues at temperatures approaching 80 °C (refluxing benzene or 
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ethanol). No trans isomer was detected in the product, indicating that the stereochemistry at 
the metal was retained. Preparation of trans- [OsC12((R,R)- diph)2] involves reacting the diph 
ligand with trans- [OsCl2(DMSO)4] using the same procedure. Stereochemistry at the metal 
was again retained with no cis isomer detected. 
The cis and trans isomers are readily distinguished by their 31P NMR spectra, which show a 
pair of triplets at 10.6 and 16.3 ppm for the former and a singlet at 18.1 ppm for the latter. 
A crystal of the trans complex was structurally characterized by X -ray diffraction and 
confirms retention of both stereochemistry at metal and configuration of the diphosphine 
ligand (see Section 2.5.). This is the first structural study of an osmium complex 
incorporating the diph ligand, although a number of examples of ruthenium complexes 
with this ligand have been reported previously.107 -110 Typical barriers to inversion of 
alkyldiarylphosphines lie in the range 120 -130 kJ mol-1 111; present procedure provides 
a facile synthesis of both cis- and trans- isomers of chiral -at- phosphorus bis(diphosphine) 
osmium complexes, which could also be used for other chiral -at- phosphorus 
bis(diphosphine) ligands. 
Once the synthesis of cis- [OsC12((R,R)- diph)2] was achieved, the preparation of (-)365 
- 
trans-[ Os (4- C CC6H4NO2)C1((R,R)- diph)2] was straightforward, the procedure being 
identical to that used for the ruthenium homologue, with similar yields obtained. As with the 
ruthenium complex preparation, it was found that trans- [OsCl2((R,R)- diph)2] was 
unreactive towards the acetylene ligand in the presence of hexafluorophosphate, even under 
quite forcing conditions (refluxing decalin, 24 h). 
The acetylide complex was characterized by a combination of 1H, 13C and 31P NMR 
spectroscopy, satisfactory microanalyses, IR and UV -vis spectroscopy, FAB mass 
spectrometry and optical rotation measurements. As with its iron homologue, the absorption 
of the osmium acetylide complex at 589 nm was too strong to allow a measurement of the 
optical rotation using the available apparatus. The optical rotation was therefore measured at 
365 nm, with a specific rotation of [a]365 = -2730 (c 0.0495, CH2C12) being recorded. 
2.4.2. Synthesis of [Os(4-CC6H4NO2)(4)(715-05H5)1 
(n = I, L = dppe; n = 2, L = PPh3) 
The acetylide complexes were prepared from the corresponding halide complexes, 
[OsBr(dppe)(115- C5H5)]55 and [OsBr(PPh3)2(11- C5H5)],112 by similar methods to the 
literature procedure.79 Stirring the halide complex in refluxing methanol with the acetylene 
and ammonium hexafluorophosphate gave the vinylidene complexes which were 
deprotonated in situ to yield the desired acetylide complexes. The latter were characterized 
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by 1H and 31P NMR spectroscopy, microanalyses, IR and UV -vis spectroscopy and FAB 
mass spectrometry. 
The 1H NMR spectrum of [ Os( 4- C= CC6H4NO2)(PPh3)2(r15- C5H5)] contains a singlet at 
4.43 ppm assigned to the cyclopentadienyl ligand, signals at 6.98 and 8.00 ppm assigned to 
the protons meta and ortho to the nitro group, respectively, and signals located between 
7.05 and 7.35 ppm assigned to the phenyl groups of the diphosphine ligand. The 31P NMR 
spectrum has the expected singlet resonance at 2.8 ppm. The FAB mass spectrum contains 
signals due to the molecular ion, with a bandshape consistent with that predicted from the 
isotope composition. The IR spectrum shows the expected v(C -C) at 2054 cm-1. The UV- 
vis spectrum of this complex contains a band at 21000 cm -1, assigned to the MLCT 
transition from the metal to the acetylide ligand, as well as higher energy bands associated 
with the phosphine ligands. 
The 1H NMR spectrum of [ Os (4- C= CC6H4NO2)(dppe)(115- C5H5)] contains a multiplet 
centred at 2.50 ppm assigned to the ethylene bridge of the diphosphine ligand, a singlet at 
4.78 ppm assigned to the cyclopentadienyl ligand, and a signal at 6.25 ppm assigned to the 
protons meta to the nitro group at 6.31 ppm. The resonance assigned to the protons ortho 
to the nitro group is at 7.72 ppm, and lies amongst the signals assigned to the phenyl 
groups of the diphosphine ligand, located between 7.17 and 7.85 ppm. The 31P NMR 
spectrum has the expected singlet resonance at 46.7 ppm. The FAB mass spectrum contains 
signals due to the molecular ion, with a bandshape consistent with that predicted from the 
isotope composition. Fragmentation of the molecular ion occurs by the loss of the acetylide 
ligand. The IR spectrum shows the expected v(C =C) at 2055 cm-1. The UV -vis spectrum of 
this complex contains a band at 21 600 cm-1, assigned to the MLCT transition from the 
metal to the acetylide ligand, as well as higher energy bands associated with the diphosphine 
ligands. 
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2.5. X -ray Structural Studies of Some Osmium 
Complexes 
2.5.1. trans- and cis- [OsCl2(Me2SO)41 
Single crystal X -ray diffraction studies on trans- [OsCl2(Me2SO)4] and cis - 
[OsC12(Me2SO)4] have been performed by collaborators at the Australian National 
University. Crystal data are collected in Table 2.1., the atomic coordinates are listed in 
Tables 2.2. and 2.4., and important bond lengths and angles gathered in Table 2.3. (cis - 
[OsCl2(Me2SO)4]) and Table 2.5. (trans- [OsCl2(Me2SO)4], together with those of its 
ruthenium homologue and their bromo analogues). ORTEP plots are displayed in Figures 
2.4. and 2.5. 
The structural study of trans- [OsCl2(Me2SO)4] confirms the molecular geometry inferred 
from the spectral data, while that of cis- [OsC12(Me2SO)4] reveals the presence of a 
previously unheralded isomeric form. The disorder inherent in the structural determination 
of trans- [OsCl2(Me2SO)4] renders the intraligand geometries associated with the minor 
component of disorder unreliable. The major component, however, is in excellent 
agreement with expected values. In trans- [OsC12(Me2SO)4], the Os -CI distance [2.415(5) A] 
is similar to those previously reported for trans -disposed chlorines in osmium(II) 
complexes [2.431(1) - 2.448(2) Á1.113 -115 The Os -S parameter [2.342(4) A] is 
experimentally indistinguishable from the only previously reported Os(II) -S datum 
[2.351(2) A in [OsBr2(Me2SO)4]]_106 The crystal of trans- [OsC12(Me2SO)4] is 
isomorphous with that of its ruthenium homologue,100,116 and their bromo 
analogues, 106,117 affording the opportunity to assess the effect of metal and halogen 
replacement on bond parameters. The bond length and angle data reveal that geometric 
parameters are crystallographically equivalent (within 3a) across the two chloro- containing 
structures. Comparison of important data for the bromo- containing complexes is consistent 
with a marginal lengthening of M -Br in proceeding from Ru to Os, with other significant 
parameters experimentally indistinguishable. Assessment of the impact of halo replacement 
for the osmium complexes reveals only the expected Os -X contraction on proceeding from 
bromo to chloro- containing complexes. In contrast, comparison of the ruthenium data 
(utilizing the better -defined structure in reference 100) reveals the expected decrease in Ru- 
X parameter on proceeding from bromo to chloro, together with marginal decreases in Ru- 
S distance and contraction in Ru -S -C angle. 
Three structural modifications of cis- [RuC12(Me2S0)4] have been reported previously, all 
of which contain three S -bound and one 0 -bound Me2SO ligands.103,104,116 In contrast, 
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the structural determination of cis- [OsC12(Me2S0)4] reveals four S- coordinated Me2SO 
ligands. The Os -Cl distances for chloro ligands trans to Me2SO [2.424(1), 2.427(1) A] are 
similar to previously reported data for mutually trans chlorines (see above). Mutually trans 
Os -S vectors [2.349(1), 2.355(1) A] are not unusual, being comparable to literature 
precedents (see above). Os -S distances for Me2SO ligands trans to chloro groups [2.275(1), 
2.277(1) A] are significantly shorter than those for mutually trans Me2SO, possibly a result 
of enhanced it- back -bonding when the Me2SO ligands are trans to the it -donor chloro 
ligands. Bond lengths and angles within the Me2SO ligands are unexceptional. 
] 
Figure 2.4. Molecular geometry and atomic labelling scheme for 
cis- [OsCl2(Me2S0)4]. 50 % thermal ellipsoids are shown for the non -hydrogen 
atoms; hydrogen atoms have arbitrary radii. 
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Figure 2.5. Molecular geometry and atomic labelling scheme for trans- [OsCl2(Me2SO)4]. 
50 % thermal ellipsoids are shown for the non -hydrogen atoms; hydrogen atoms have 
arbitrary radii. 
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Table 2.1. Experimental Parameters for the X -ray Diffraction Studies of 
cis- and trans- [OsCl2(Me2SO)4]. 
cis- [OsCl2(Me2SO)4] trans- [OsCl2(Me2SO)4] 
formula C8H24C12O4OsS4 C8H24C12O4OsS4 
formula weight 573.62 
space group P1 (#2) 
a, A 8.193(2) 
b, A 8.941(3) 
c, A 13.837(3) 11.212(3) 
a, deg 79.77(2) 
ß, deg 79.91(2) 
y, deg 65.03(2) 
V, A3 898.5(4) 926.8(2) 
Dcala g cm-3 2.120 2.055 
F000 556.00 556.00 
Z 2 2 
radiation (k, A) Mo Ka (k = 0.71069) Mo Ka (k = 0.71069) 
T, K 296 296 
abs. coeff.(Ka), cm-1 78.57 76.18 
crystal size, mm3 0.36 x 0.20 x 0.12 0.20 x 0.20 x 0.20 
20,nax, deg 55.1 55.1 
N 4152 566 
Np 3669 564 
R 0.021 0.026 
R,,, 0.018 0.032 
573.62 
14 /m ( #87) 
9.092(2) 
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Table 2.2. Atomic Coordinates and Equivalent Isotropic Thermal Parameters 
for cís- [OsCl2(Me2SO)4]. 
atom x y z B 
Os 0.15776(2) 0.23741(2) 0.24249(1) 2.048(4) 
C1(1) -0.0197(2) 0.3251(2) 0.10411(9) 3.74(3) 
Cl(2) -0.0753(1) 0.1477(2) 0.32977(9) 3.74(3) 
S(1) 0.2989(2) -0.0320(1) 0.19499(9) 3.26(3) 
S(2) 0.3693(1) 0.3234(1) 0.15258(8) 2.56(2) 
S(3) 0.3125(1) 0.1522(1) 0.37749(8) 2.68(2) 
S(4) -0.0229(2) 0.5060(2) 0.2872(1) 3.72(3) 
0(1) 0.4880(4) -0.0914(4) 0.1486(3) 5.0(1) 
0(2) 0.3585(4) 0.4857(4) 0.1713(2) 4.18(9) 
0(3) 0.4692(4) -0.0105(4) 0.3756(2) 3.76(8) 
0(4) 0.0293(5) 0.5605(5) 0.3664(3) 6.5(1) 
C(11) 0.1746(7) -0.0585(7) 0.1103(4) 5.1(2) 
C(12) 0.2859(7) -0.1915(6) 0.2915(4) 4.7(1) 
C(21) 0.3698(6) 0.3357(6) 0.0234(3) 3.8(1) 
C(22) 0.6008(6) 0.1810(6) 0.1599(4) 3.9(1) 
C(31) 0.3952(7) 0.2929(6) 0.4074(4) 4.3(1) 
C(32) 0.1749(6) 0.1401(7) 0.4905(3) 4.3(1) 
C(41) -0.0618(7) 0.6664(6) 0.1872(4) 5.2(1) 
C(42) -0.2532(7) 0.5364(7) 0.3217(5) 7.2(2) 
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Table 2.3. Selected Bond Distances (A) and Angles (deg.) 
for cis- [OsC12(Me2SO)4]. 
Os-C1(1) 2.424(1) Os-C1(2) 2.427(1) 
Os-S(1) 2.349(1) Os-S(2) 2.275(1) 
Os-S(3) 2.2770) Os-S(4) 2.355(1) 
S(1)-O(1) 1.474(3) S(2)-O(2) 1.483(3) 
S(3)-0(3) 1.479(3) S(4)-O(4) 1.467(4) 
S(1)-C(11) 1.785(5) S(1)-C(12) 1.798(5) 
S(2)-C(21) 1.771(5) S(2)-C(22) 1.791(4) 
S(3)-C(31) 1.794(5) S(3)-C(32) 1.776(5) 
S(4)-C(41) 1.771(5) S(4)-C(42) 1.777(5) 
CI(1)-Os-C1(2) 85.42(4) CI(1)-Os-S(1) 89.42(4) 
CI(1)-Os-S(2) 91.39(4) C1(1)-Os-S(3) 176.99(4) 
C1(1)-Os-S(4) 85.03(4) CI(2)-Os-S(1) 84.75(4) 
C1(2)-Os-S(2) 176.74(4) Cl(2)-Os-S(3) 91.60(4) 
Cl(2)-Os-S(4) 88.80(5) S(1)-Os-S(2) 94.58(4) 
S(1)-Os-S(3) 90.70(4) S(1)-Os-S(4) 171.81(4) 
S(2)-Os-S(3) 91.60(4) S(2)-Os-S(4) 91.58(4) 
S(3)-Os-S(4) 94.54(4) Os-S(1)-O(1) 119.2(1) 
Os-S(1)-C(11) 110.9(2) Os-S(1)-C(12) 114.1(2) 
O(1)-S(1)-C(11) 105.3(2) O(1)-S(1)-C(12) 106.7(2) 
C(11)-S(1)-C(12) 98.4(2) Os-S(2)-O(2) 116.1(1) 
Os-S(2)-C(21) 113.1(2) Os-S(2)-C(22) 115.9(2) 
O(2)-S(2)-C(21) 106.2(2) O(2)-S(2)-C(22) 105.9(2) 
C(21)-S(2)-C(22) 97.5(2) Os-S(3)-O(3) 115.2(1) 
Os-S(3)-C(31) 116.2(2) Os-S(3)-C(32) 113.5(2) 
O(3)-S(3)-C(31) 105.9(2) 0(3)-S(3)-C(32) 106.5(2) 
C(31)-S(3)-C(32) 97.9(2) Os-S(4)-0(4) 118.1(2) 
Os-S(4)-C(41) 114.6(2) Os-S(4)-C(42) 112.0(2) 
O(4)-S(4)-C(41) 107.1(2) 0(4)-S(4)-C(42) 106.1(3) 
C(41)-S(4)-C(42) 96.6(3) 
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Table 2.4. Atomic Coordinates and Equivalent Isotropic Thermal Parameters 
for trans- [OsC12(Me2SO)4]. 
atom y B(eq) occ 
Os 0.0000 0.0000 0.5000 1.85(1) 1/8 
Cl 0.0000 0.0000 0.2846(4) 3.13(2) 1/4 
S 0.2550(2) 0.0365(2) 0.5000 2.29(4) 0.405 
S' 0.195(1) 0.168(1) 0.5000 3.8(2) 0.095 
0 0.3404(6) -0.1053(7) 0.5000 5.2(2) 1/2 
C 0.3239(6) 0.1417(7) 0.3780(5) 3.8(1) 
Table 2.5. Selected Bond Distances (A) and Angles (deg.) for 
trans- [MX2(Me2SO)4] (M = Os, X = Cl, Br; M = Ru, X = Cl, Br). 
M =Os M =Ru M =Ru M =Os, M =Ru 
X = C1° X = C110° X = C1116 X = Br106 X = Br117 
M -X 2.414(2) 2.432(1) 2.402(2) 2.555(1) 2.540(1) 
M -S 2.342(2) 2.3534(9) 2.352(2) 2.351(2) 2.360(1) 
M -S' 2.34(1) 
S -O 1.505(6)/ 1.492(4) 1.491(5) 1.487(6) 1.484(3) 
S' -O 1.77(1)/ 
S -C 1.783(6)/ 1.800(4) 1.780(5) 1.784(6) 1.789(3) 
S' -C 1.817(9)/ 
M -S -O 112.9(3)/ 112.9(1) 112.5(2) 113.5(2) 112.5(1) 
M-S'-0 103.3(5)/ 
M -S -C 115.0(4)/ 115.1(1), 115.4(2) 115.8(2) 116.0(1) 
M -S' -C 113.8(4)/ 
O -S -C 106.2(3)1 106.0(2) 106.0(2) 105.2(3) 105.7(1) 
O -S' -C 114.5(5)/ 
C -S -C 100.2(4)/ 100.5(3) 100.3(2) 99.8(5) 99.6(2) 
C -S' -C 96.6(6)/ 
°This work. /Unreliable data: see discussion. 
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2.5.2. ( -)589- trans- [OsCl2((R,R)- diph )2] 
A crystal of ( -)589- trans- [OsCl2((R,R)- diph)2] was structurally characterized by X -ray 
diffraction. Selected bond distances and angles are listed in Table 2.6., crystal data are 
collected in Table 2.7., and an ORTEP plot is displayed in Figure 2.6.. This is the first 
structural study of an osmium complex incorporating the diph ligand, although a number 
of examples of ruthenium complexes with this ligand have been reported previously.107 -110 
This study confirms the retention of both stereochemistry at metal and configuration of the 
diphosphine ligand. Intraligand bond lengths are not unusual, while comparison to the 
analogous ruthenium complex107 reveals similar M -P distances [2.304(1), 2.321(1), 
2.338(1), 2.354(1) A, M = Ru versus 2.310(2), 2.328(2), 2.337(2), 2.349(2) A, M = Os] 
and a marginal lengthening of M -Cl distances [2.426(1), 2.432(1) A, M = Ru versus 
2.441(2), 2.445(2) A, M = Os]. 
Table 2.6. Selected Bond Distances (P.) and Angles (deg.) 
for trans- [OsCl2((R,R)- diph)2]. 
Os-C1(1) 2.445(2) Os-P(2) 2.310(2) 
Os-Cl(2) 2.441(2) Os-P(3) 2.349(2) 
Os-P(1) 2.328(2) Os-P(4) 2.337(2) 
Cl(1)-Os-CI(2) 171 .77(9) P(1)-Os-P(2) 84.25(8) 
Cl(1)-Os-P(1) 82.41(8) P(1)-Os-P(3) 171.38(7) 
C1(1)-Os-P(2) 87.18(7) P(1)-Os-P(4) 97.26(8) 
Cl(1)-Os-P(3) 88.97(8) P(2)-Os-P(3) 95.37(7) 
CI(1)-Os-P(4) 96.34(7) P(2)-Os-P(4) 176.32(8) 
Cl(2)-Os-P(1) 90.23(8) P(3)-Os-P(4) 83.65(7) 
Cl(2)-Os-P(2) 88.43(7) Os-P(1)-C(101) 118.4(3) 
C1(2)-Os-P(3) 98.37(7) Os-P(1)-C(111) 121.4(3) 
Cl(2)-Os-P(4) 88.20(8) Os-P(1)-C(121) 108.5(3) 
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Figure 2.6. ORTEP drawing of trans- [OsC12((R,R)- diph)2]. 
Table 2.7. Experimental Parameters for the X -ray 
Diffraction Study of trans- [OsCl2((R,R)- diph)2]. 
formula C40H40C12OsP4 
formula weight 905.76 
crystal system orthorhombic 
space group P212121 ( #19) 
a, A 11.642(3) 
b, A 12.237(5) 
c, A 26.463(3) 
V, A3 3770(2) 
Dcaic, g cm-3 1.596 
F(000) 1800.00 
Z 4 
radiation (X., A) Mo Ka = 0.71069) 
T K 296 
abs. coeff.(Ka), cm-1 37.20 
crystal size, mm3 0.20 x 0.16 x 0.16 
20max, deg 50.1 
N 3778 
No 3095 
R, RW 0.025, 0.023 
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2.6. Comparisons of physical properties 
In this Section, some of the physical properties of the complexes described in Sections 2.2. 
- 2.4. are collected and compared. Electrochemical data are presented in Table 2.8., and 1H 
and 31P NMR, IR and UV -vis data in Table 2.9. A NMR numbering scheme is shown in 
Figure 2.7. 
Cyclic voltammetric measurements of dichloromethane solutions of selected complexes 
were recorded. Oxidation potentials for the precursor (chloro) iron complexes are found at 
0.13 V ([FeCl(dppe)(1-15- C5H5)]) and 0.16 V (trans- [FeC12((R,R)- diph)2]). Replacing 
chloride by p- nitrophenylacetylide results in increases of 0.16 and 0.1 V in E0 (FemIII) 
respectively, indicating that Cl- is marginally better at stabilizing the higher oxidation state 
than p- nitrophenylacetylide. The main interest in the current work lies in comparison 
between homologous metal acetylide complexes. The effect of metal variation upon E0 
(M11/111) and E0 (MIII /IV) follows the trend ruthenium > osmium > iron, not unexpected 
given that previous reports of Group 8 metal bis(diphosphine) complexes87'95 and 
metallocenes118 show the same trend. Thus, the redox behaviour of these complexes is that 
predicted based on literature precedents. 
Table 2.8. Cyclic voltametric data.a 
Compound E0(M"111I) (V) E0(MiIDiv) (V) E0(NO2 0 / -I) (V) 
[FeCl(dppe)(115- C5H5)] 0.13 
[ Fe (4- C=CC6H4NO2)(dppe)(r15- C5H5)] 0.29 1.63 -1.13 
trans- [FeC12((R,R)- diph)2] 0.16 1.49 
trans-[ Fe (4- C =CC6H4NO2)C1((R,R)- diph)]2 0.26 1.44 -1.15 
trans- [Ru(4 -C CC6H4NO2)C1((R,R)- diph)]2 0.74 1.63 -1.13 
trans- [0s(4-C CC6H4NO2)Cl((R,R)- diph)]2 0.52 1.51 -1.15 
a Scan rates were 100 mV s-1. Values are referenced to ferrocene (E0 0.56 V). 
Selected 1H NMR data are shown in Table 2.9. and a brief numbering scheme is shown in 
Figure 2.7. Inspection of the chemical shifts of the methyl groups of the complexes trans- 
[ M(4- C=CC6H4NO2)CI((R,R)- diph)2] reveals a very small downfield shift of this resonance 
on progressing from M = Fe to Ru and then Os. For complexes containing the 
cyclopentadienyl group, the trend in chemical shift of the Cp ring protons is (in terms of 
ppm) Os >_ Ru > Fe. 
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Table 2.9. 1H and 31P NMR, IR and UV-vis data. 
Compound 1H NMR resonancesa 
(ppm (JHE (Hz))) 
31P resonancesa 
(PP) (Jpp (Hz))) 
v(C=C)b 
(cm 1) 
maxc (cm-1) 
(e (104 M-1 cm-1)) 
CH3 H4 H5 15-05H5 
(triplet) (doublet) (doublet) 
trans-[Fe(4-CC6H4NO2)C1((R,R)-diph)]2 1.52 (4) 6.23 (9) 7.78. (9) 72.3 (triplet, 43) 2043 18400 (1.7) 
1.59 (4) 77.0 (triplet, 43) 
trans-[Ru(4-CECC6H4NO2)C1((R,R)-diph)]2 1.59 (3) 6.41 (9) 7.82 (9) 50.4 (triplet, 22) 2057 21400 (2.1) 
1.64 (3) 54.4 (triplet, 22) 
trans-[Os(4-C=CC6H4NO2)C1((R,R)-diph)]2 1.62 (4) 6.38 (9) 7.82 (9) 18.9 (triplet, 13) 2052 20400 (1.8) 
1.71 (4) 23.0 (triplet, 13) 
[Fe(4-C=CC6H4NO2)(dppe)(115-05H5)] 6.25 (9) obscured 4.29 106.2 2044 20000 (1.3) 
[Ru(4-C-C6H4NO2)(dppe)(r)5-05H5)] 6.31 (9) obscured 4.79 86.2 2056 22200 (1.8) 
[Os(4-C-C6H4NO2)(dppe)(15-05H5)] 6.25 (9) 7.72 (9) 4.78 46.7 2055 21600 (1.7) 
[Ru(4-C=CC6H4NO2)(PPh3)2015-05H5)] 7.03 (9) 8.00 (9) 4.36 50.9 2053 21800 (1.1) 
1Os(4-C=CC6H4NO2)(PPh3)2015-05H5)] 6.98 (9) 8.00 (9) 4.43 2.8 2054 21000 (2.2) 
[Fe(4-C-C6H4NO2)(CO)2015-05H5)] 7.34 (9) 8.05 (9) 5.08 2104 27000 (1.3) 
[Ru(4-C-C6H4NO2)(CO)2(r)5-05H5)] 7.35 (9) 8.03 (9) 5.45 2108 26900 (1.6) 
a In chloroform. b In dichlóromethane. C In tetrahydrofuran. 
LM-C=C NO2 
Figure 2.7. NMR numbering scheme. 
Inspection of chemical shifts of the H4 protons reveals no apparent trend on varying the 
metal, while keeping the ligand environment unchanged. Variation of co- ligand for a 
specific alkynylmetal combination reveals the trend (in terms of ppm) CO > PPh3 > dppe > 
diph. This may be a reflection of the electron donating capacity of ligands, the phosphine 
ligands being able to donate more electron density to the metal, resulting in a more shielded 
environment for the H4 protons. No trends are apparent in the chemical shifts for the H5 
protons, presumably as they are too remote from the metal. 
The 31P NMR data reveals the chemical shift sequence iron > ruthenium > osmium (in 
terms of ppm), not unexpected, as reports of Group 3119 and Group 8120 complexes show 
similar trends in 31P chemical shifts. Where 31P -31P NMR coupling exists, the coupling 
constants follow the expected sequence12° (in terms of Hz) iron > ruthenium > osmium. 
The v(C =C) frequencies in the IR spectrum follow the trend iron < ruthenium = osmium, 
probably resulting from greater electron back -donation from the metal to the acetylide 
ligand for the iron complex than for the heavier homologues. Ligand variation affords the 
trend in v(C =C) CO » phosphine, again readily explained by back -bonding (the carbonyl 
ligands are more strongly rt- electron withdrawing than the phosphine ligands, leading to less 
electron density at the metal centre and thus less electron back -donation to the acetylide 
ligand). 
The MLCT transitions in the UV -vis spectra follow the sequence (in terms of energy), 
ruthenium > osmium > iron (with the exception of the carbonyl complexes for which Ru 
Fe). The UV -vis spectra for the complexes trans-[ M(4- C =CC6H4NO2)Cl((R,R)- diph)]2 (M 
= Fe, Ru, Os) are shown in Figure 2.8. The trend in absorption maxima mirrors the trend 
found for the metal redox potentials. Comparison of the energies of MLCT transition of 
carbonyl- containing complexes with those of their phosphine- containing analogues reveals 
the trend CO » phosphine. 
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In summary, variation in metal or ligand afford the expected change in the measured 
electrochemical and spectroscopic properties. 
1.4 
1.2 
diph)2] 
diph)2] 
diph)2] 
- trans-[ Fe (4- C=CC6H4NO2)C1((R,R)- 
trans- [Ru(4 -C CC6H4NO2)C1((R,R)- 
- - - trans-[ Os (4- C= CC6H4NO2)Cl((R,R)- 
1.0 
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Figure 2.8. UV-vis spectra of [M(4-C=CC6H4NO2)Cl((R,R)-diph)2] (M = Fe, Ru, Os). 
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2.7. Nonlinear optical investigations 
2.7.1. Molecular quadratic nonlinear optical measurements by hyper- Rayleigh scattering 
The results of hyper -Rayleigh scattering (HRS) experiments are presented in Table 2.10. A 
description of this technique may be found in Section 1.3.5. The experimental first 
hyperpolarizabilities (13(iRs) are shown along with static first hyperpolarizabilities (130) 
calculated from the experimental values using the two -level approximation. A brief 
discussion on resonance enhancement and the two -level approximation is given below 
before discussing the data in Table 2.10. 
Table 2.10. Results of hyper -Rayleigh scattering experiments. 
Compound umax (cm-1) / Xmax (um) PHRS a Roa,b 
(10-30 esu) (10-30 esu) 
trans-[ Fe (4- C-- CC6H4NO2)Cl((R,R)- diph)]2 18 400 / 543 440 -14 
trans- [Ru(4 -C CC6H4NO2)Cl((R,R)- diph)]2 21 400 / 467 530 97 
trans-[ Os (4- C= CC6H4NO2)CI((R,R)- díph)]2 20 400 / 490 620 74 
[ Fe(4- CC6H4NO2)(dppe)(T15- C5H5)] 20 000 / 498 665 64 
[Ru(4 -C CC6H4NO2)(dppe)(f5- C5H5)] 22 200 / 447 665 161 
[ Os (4- C- CC6H4NO2)(dppe)(r15- C5H5)] 21 600 / 461 930 188 
[ Ru( 4- C =CC6H4NO2)(PPh3)2(T15-05H5)]` 21 800 / 459 510 105 
[ Os( 4- C CC6H4O2)(PPh3)2(T15-05H5)l 21 000 / 474 1050 174 
[ Fe (4- C_= CC6H4NO2)(CO)2015-05H5)1 27 000 / 370 50 22 
[ Ru (4- CECC6H4NO2)(CO)2(r15- C5H5)] 26 900 / 372 58d 27 
a Error ±10 %. b Static first hyperpolarizabilities calculated from the experimental values using the 
two -level approximation with Ro = (ì[1- (2Xmw/1064)2][1 -(2max /1064)2]; damping factors not 
included. c HRS measurements have been previously reported121 and agree within experimental error. 
d From reference 122. 
The following representation of the ideas behind resonance enhancement is based on a 
description given by Boyd in reference 123. Figure 2.9.(i) depicts the second -harmonic 
generation process whereby two photons of frequency [o are simultaneously converted to 
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one photon of energy 2w. The ground state of the system is represented by the solid line 
and the dashed lines represent virtual levels. If a real energy level is nearly coincident with 
one of the virtual levels (as depicted in Figure 2.9.(ii) and (iii)) then coupling between the 
radiation and the molecular system is strong, and the nonlinear optical process becomes 
enhanced. 
(i) 
w 
w 
Figure 2.9. Depiction of the second -harmonic generation process. 
The laser used for the HRS apparatus in the current work operates at a wavelength of 1064 
nm (or 9400 cm -1). Although the complexes shown in Table 2.10. are transparent at this 
wavelength (i.e. there is no energy level near the fundamental wavelength as depicted in 
Figure 2.9.(ii)), the UV -vis spectra shown in Figure 2.8 reveal appreciable absorption at the 
second -harmonic wavelength of 532 nm (or 18 800 cm-1). This is similar to the situation 
depicted in Figure 2.9.(iii) and leads to resonance enhancement of the second -harmonic 
signal and hence 13. 
In order to compare data that contain significant resonance enhancement, a method was 
developed whereby 13 values are calculated for the zero- frequency case (i.e. with a static 
applied field present). A model that assumes that the dominant contributor to P influenced 
by resonance effects is a charge -transfer transition between the ground state and a single 
low -lying excited state (the two -level model) was tested on second -order NLO data of 
nitroanilines by Oudar and Chemla.124 They found that the charge- transfer transition 
associated with some nitroaniline derivatives gave rise to large 13 values, and that the two - 
level model described this with good accuracy. The term associated with the charge- transfer, 
PCT, may be written:124 
3e2h wegfAµ 
PCT= 2m (cog- (.02)(we2g- (2w)2) 
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(1) 
where e is the electronic charge, m is the rest mass of an electron, coeg is the frequency of 
the optical transition, f is the oscillator strength, Dµ is the difference between the ground and 
excited state dipole moment, and CO is the frequency of the exciting radiation. This equation 
may be expressed as, 
3e2hwegfAµ 1 
x F(w), where F(w) = 
2 2m (w2 - w )(w2 -(2w) 2 ) ßCT= 
The approximated zero- frequency (or static) second -order hyperpolarizability, 130, may be 
calculated by dividing the experimental 13 value by the frequency dependent term, F(w) and 
then multiplying by this term at zero -frequency, F(0). This gives 
/ 
/ / 
2 
ß0 =ß1 
I weg)2.` 1 I gJ 
or it may be expressed in terms of the wavelength of maximum absorption of the CT 
transition, !,max as, 
Ro ßI1 ( 
(21712 l (2) 
where X. is the wavelength of the exciting radiation. 
It should be mentioned that this method of calculating static 13 values has some 
shortcomings. The assumption that only one transition is dominant with respect to (3 might 
not always be true. Computational studies by Kanis et aí125 using the ZINDO routine 
showed that in some systems (including organometallic molecules), the contribution to the 
two -level calculated 3 that comes from the first excited state may be as low as 60 %. They 
also found that the inclusion of a second excited state (a three -level model) revealed 
significant contributions to 13 associated with the additional transition. A study by van 
Walree et aí126 suggested that three -level terms may also be important contributors to (3 in 
studies of stilbenyl -type compounds. Furthermore, in the above zero -frequency method, no 
allowance for the effect of damping has been made. Damping occurs when energy 
absorbed by the system is dissipated in addition to being emitted as radiation. Inspection of 
equation (1) shows that when weg approaches w or 2w, (3 tends to infinity. This unrealistic 
result arises because of the neglect of damping. A treatment to include damping into such 
an expression by treating the transition frequency as a complex quantity may be found in 
reference 123, although it produces more complicated equations. Nevertheless, use of (2) to 
calculate static first hyperpolarizabilities appears to be widespread and may give some 
qualitative insights into (3 measurements affected by resonance enhancement. 
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A comparison of the RHRS values for the metal acetylide complexes (Table 2.10.) indicates 
that the iron -containing complexes have the lowest responses. This is in contrast to the trend 
reported for donor -acceptor nitriles and metallocenyl complexes2 -5 discussed in Section 
2.1. In the current work, the iron acetylide complexes have absorption bands closer to the 
second harmonic wavelength of 532 nm (or 18800 cm-1) than either the ruthenium or 
osmium homologues (with the exception of the iron and ruthenium carbonyl complexes), 
suggesting that the 13HRS values for the iron complexes contain a larger resonance 
contribution than those of the ruthenium and osmium homologues. 
The PHRS values for the osmium acetylide complexes are in each case greater than the 
values for the ruthenium -containing complexes. Absorption bands for the osmium 
complexes are closer to the second -harmonic than are those of the ruthenium homologues. 
For the cyclopentadienyl complexes, if static 13 values are calculated from the experimental 
ßHRs values using a two -level model (see above for a discussion of this approximation), then 
the trend remains the same as for the experimental values. The values for the complexes 
containing the diph ligand show that ruthenium has the higher calculated static value. While 
this suggests some ambiguity, the two -level model may have limited applicability with 
organometallic complexes of this type. It is therefore be likely that the ßHRs values for this 
type of complex follow the ordering; iron < ruthenium < osmium. 
Comparison of the ßHRs values for [ M (4- C= CC6H4NO2)(dppe)(15- C5H5)] and [M(4- 
C =CC6H4NO2)(CO)2(r15- C5H5)] (M = Fe, Ru) illustrate the effect of varying co- ligands. 
Replacement of the electron donating diphosphine ligand with the relatively strongly 
electron withdrawing carbonyls results in a significant reduction of the second -order NLO 
response. This is readily rationalized as the amount of electron density available to the 
donating metal centre, and hence its donor strength, is reduced on replacing diphosphine by 
two carbonyl groups. 
Correlating readily accessible spectroscopic parameters with NLO properties would, if 
successful, afford information about the NLO response of complexes without recourse to 
less readily -available NLO measurements. While connections between linear optical 
properties and nonlinear optical properties have been probed significantly,125 attempts to 
find relationships between other physical data (e.g. redox potentials and NMR resonances) 
and the quadratic hyperpolarizability should be made with caution. The series 
[M(C =CC6H4NO2)C1((R,R)- diph)2] (M = Fe, Ru, Os) suggests a relationship between the 
31p NMR chemical shifts and ßHRs values, a relationship which appears to hold upon 
introduction of data from the series [M(C= CC6H4NO2)(dppe)(115- C5H5)] (M = Fe, Ru, Os). 
When all the data available are examined, however, this trend does not persist. It was 
suggested by Wenseleers et all that there may be a correlation between v(N =C) and Rims 
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for the nitrile complexes [ M (N CC6H4- 4- R)(dppe)(115- C5H5)]+ (where M = Fe, Ru, R = Ph, 
NMe2, NO2, C6H4NO2)], for which a lower energy stretch would correspond to a larger 
optical nonlinearity. This trend is not reproduced in the current work with acetylide ligands, 
making such claims tenuous. 
2.7.2. Second- harmonic generation in bulk samples 
Experiments to detect a bulk second -order response were performed on selected samples 
using the Kurtz powder technique,127 the results being presented in Table 2.12. 
Table 2.12. Kurtz powder measurement results. 
Complex SHG vs Urea 
trans- [Fe(4- C- CC6H4NO2)C1((R, R)- diph)]2 
trans- [Ru(4- C =- CC6H4NO2)CI((R,R) -diph) ]2 
trans-[0s(4- C=- CC6H4NO2)C1((R,R)- diph)] 2 
-2 
None detected 
«1 
These crude experiments were performed by directing a laser beam onto a powder sample 
and detecting any emitted light at the second- harmonic wavelength. The intensity of the 
measured SHG was compared to that of urea, a common standard. The bulk second -order 
measurements show that complexes of this type are, in some instances, capable of second - 
harmonic generation. These experiments were not designed to elucidate any detailed 
information about the bulk responses of the samples (e. g. phase matchability), and may not 
be used to compare the efficiency of the various metal centres. By comparison with some of 
the values shown in Chapter 1, the new data are quite modest, but the non -zero responses for 
the iron- and osmium- containing complexes confirm the ability of the diph ligand to force 
non -centrosymmetric packing and permit a bulk second -order NLO response. 
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2.8. Conclusions 
The aim of the work presented in this Chapter is to examine the effect of metal variation 
upon the second -order optical nonlinearity of several series of group 8 transition metal 
acetylide complexes. A comparison of the values of f3HRS for the metal acetylide complexes 
shows that the iron -containing complexes have the lowest responses and are also the most 
resonance enhanced. The f3HRS values for the osmium acetylide complexes are in each case 
greater than the values for the ruthenium -containing complexes but have absorption bands 
closer to the second -harmonic wavelength than are those of the ruthenium homologues. If a 
two -level model is used to calculate static ß values (ßo) from the IHRS values, then the 13o 
values are greater for the osmium complexes than the ruthenium complexes, with the 
exception of the diph- containing complexes. It may therefore be suggested that the trend in 
RHRS values for this type of complex follows the order: iron < ruthenium < osmium. 
Previously reported trends in 13 values versus transition metal1 -5 are not reproduced in the 
current work. It is likely that other factors play a more dominant role in determining the 
optical nonlinearity. The predictive merit of a few physical properties on optical 
nonlinearities may be of little value. 
Experiments to detect a bulk second -order response show that complexes of this type are, in 
some instances, capable of second -harmonic generation. They confirm the ability of the 
optically- active diph ligand to permit a bulk second -order NLO response. 
From a synthetic perspective, two series of homologous iron / ruthenium / osmium acetylide 
complexes were prepared. One series incorporated the optically active diph ligand, and 
included the first examples of such iron and osmium complexes. A synthetic route into cis 
and trans isomers of [OsC12(diph)2] was developed to facilitate the preparation of the 
osmium diph acetylide complex. 
A structural study of trans- [OsC12(Me2SO)4] confirmed the spectroscopically assigned all - 
S -bound Me2SO configuration and a crystallographic determination of the cis isomer 
revealed a previously unreported all -S -bound Me2SO geometry. A structural study of trans - 
[OsC12 {(R,R)- diph) }2] confirmed the retention of both stereochemistry at metal and 
configuration at phosphorus in proceeding from the dimethylsulfoxide precursor to the 
new bis(diphosphine) complex. 
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2.9. Experimental 
2.9.1. General Conditions, Reagents and Instruments 
General Conditions 
All reactions were performed under a nitrogen atmosphere with the use of Schlenk 
techniques unless otherwise stated. Dichloromethane was dried by distilling over CaH2, 
methanol was dried by distilling over Mg /I2, toluene was dried by distilling over sodium / 
benzophenone, and other solvents were used as received. "Pet. spirit" refers to a fraction of 
petroleum ether of boiling range 60 -80 °C. Cation exchange resin was Dowex 50W -X2, 50- 
100 mesh. 
Reagents 
The following were prepared by literature methods: [FeC12.1.5THF],88 (S,S) -1,2- 
bis(methylphenylphosphino)benzene (diph),128 4- HC= CC6H4NO2,129 [Fe(4- 
C= CC6H4NO2)(CO)2(115- C5H5)],43 [FeCl(dppe)(115- C5H5)],89 [RuC12(DMSO)4],93 
[RuCI(dppe)(115- C5H5)],55 [ Ru( 4- C CC6H4NO2)(dppe)(115-05H5)],13° (NH4)2[OsCl6],98 
[OsBr(dppe)015- C5H5)] 55 The literature procedure for the preparation of 
[OsBr(PPh3)2015- C5H5)] 112 was modified in the following way: methanol was substituted 
for ethanol as solvent, reaction time was reduced from 12 h to 30 min, diethyl ether was 
substituted for benzene as the eluant for column chromatography. Ammonium 
hexafluorophosphate (Aldrich), anhydrous magnesium sulfate (Aldrich) and stannous 
chloride dihydrate (Unilab) were used as received. Sodium hexafluorophosphate (Aldrich) 
was recrystallized from acetonitrile before use. Sodium methoxide solutions were prepared 
by the slow addition of sodium to dry methanol. 
Instruments 
Mass spectra were recorded using a VG ZAB 2SEQ instrument (30 kV Cs+ ions, current 1 
mA, accelerating potential 8 kV, 3- nitrobenzyl alcohol matrix) at the Research School of 
Chemistry, Australian National University; peaks are reported as m/z (assignment, relative 
intensity). Microanalyses were carried out at the Research School of Chemistry, Australian 
National University. Electrochemical measurements were recorded using a MacLab 400 
interface and MacLab potentiostat from AD Instruments (using a glassy carbon disc 
working, Pt auxiliary and Ag -AgC1 reference mini -electrodes from Cypress Systems). Scan 
rates were 100 mV s -1. Electrochemical solutions contained 0.1 M (NBu4)[PF6] and ca. 
10 -3 M complex in dichloromethane. Solutions were purged and maintained under an 
atmosphere of nitrogen. All values are referenced to an internal sample reference of 
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ferrocene (E0 0.56 V). Infrared spectra were recorded as dichloromethane solutions using a 
Perkin -Elmer System 2000 FT -IR. 1H, 13C and 31P NMR spectra were recorded using a 
Varian Gemini -300 FT NMR spectrometer and are referenced to residual CHC13 (7.24 
ppm), CDC13 (77.0 ppm) or external 85% H3PO4 (0.0 ppm), respectively. NMR 
assignments follow the numbering scheme shown in Figure 2.7. UV -vis spectra were 
recorded using a Cary 5 spectrophotometer as solutions in tetrahydrofuran in 1 cm cells. 
Optical rotations were measured at 20 °C on a Perkin -Elmer model 241 polarimeter. 
H4 H5 
L M Ci CZ C3 6-NO2 
Figure 2.7. NMR numbering scheme. 
2.9.2. Synthesis of Iron Complexes 
(- )589-trans- [FeC12((R,R)- diph)2] 
A mixture of FeC12.1.5THF (145 mg, 0.62 mmol) and (S,S) -diph (400 mg, 1.24 mmol) was 
stirred in methanol (10 mL) for 45 min at reflux. A lime green precipitate formed. The 
mixture was allowed to cool to room temperature and then cooled in an ice bath for 15 min. 
The precipitate was collected by filtration in air and washed with pet. spirit (2 x 30 mL). It 
was then dissolved in dichloromethane and passed through a plug of Celite to remove any 
residual Fe0. Pet. spirit (30 mL) was added to the filtrate and the solvent was removed on a 
rotary evaporator. The lime green powder was collected and dried in vacuo. Yield was 405 
mg (85 %). [a]p: -1760 (c 0.101, CH2C12). MS: 770 ([M]+, 20), 735 ([M - Cl] +, 20), 700 
([Fe(diph)2] +, 5), 413([FeCl(diph)] +, 50), 322 (diph +, 45). Anal. Calcd for C40H40C12FeP4: 
C 62.28, H 5.23 %. Found: C 61.89, H 5.18 %. UV -vis 6/max, cm-1 (s, M-1 cm-1)): 15 260 
(70), 21 900 (sh, 370), 26 410 (1310), 34 670 (sh, 11 300), 37 370 (23 200). 1H NMR: (5, 
300 MHz, CDC13); 1.24 (s(br), 12H, Me), 7.27 to 7.46 (m, 28H, Ph). 31P NMR: (5, 121 
MHz, CDC13); 67.7 (s (br)). 
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( -) 436 -trans - [Fe(4- C =CC6H4NO2)C1((R, R)- diph)2] 
A mixture of ( -)589- trans- [FeC12((R,R)- diph)2] (50 mg, 0.065 mmol), 4- HC CC6H4NO2 
(20 mg, 0.14 mmol) and sodium hexafluorophosphate (20 mg, 0.12 mmol) was stirred in 
dichloromethane (5 mL) for 2 h at reflux. The mixture was allowed to cool to room 
temperature and then 12 mL of pet. spirit added. A brown precipitate formed. The solvent 
and excess acetylene were removed by filter- tipped cannula under nitrogen. The remaining 
solid was dissolved in dichloromethane and sodium methoxide solution (1mL, 0.3 M 
solution in methanol) was added with stirring. The mixture immediately turned a deep 
purple in colour. The solvent was then removed in vacuo. The residue extracted into diethyl 
ether and passed through an alumina (basic, ungraded) plug, eluting with diethyl ether. The 
solvent was removed on a rotary evaporator and 31 mg (54 %) of purple powder was 
collected. [a]436 = -3180 (c 0.022, CH2C12). MS: 881 ([M] +, 100), 846 ([M - Cl] +, 15), 
735 ([FeCl(diph)2] +, 20), 700 ([Fe(diph)2] +, 5), 559 ([Fe(4- C =CC6H4NO2)Cl(diph)] +, 35), 
413 ([FeCl(diph)] +, 50). Anal. Calcd for C48H44C1NO2P4Ru: C 65.36, H 5.03, N 1.59 %. 
Found: C 64.41, H 5.39, N 1.78 %. UV -vis ( 'max' cm-1 (e, M-1 cm-1)): 18 400 (16 500), 29 
400 (11 300), 36 400 (22 500) 37 300 (24 100). IR (cm-1): 2043 v(C =C). 1H NMR: (S, 
300 MHz, CDC13); 1.52 (t, JHH = 4 Hz, 6H, Me), 1.59 (t, JHH = 4 Hz, 6H, Me), 6.23 (d, JHH 
= 9 Hz, 2H, H4), 7.23 to 7.53 (m, 28H, Ph), 7.78 (d, JHH = 9 Hz, 2H, H5). 31P NMR: (S, 121 
MHz, CDC13); 72.3 (t, Jpp = 43 Hz, 2P), 77.0 (t, Jpp = 43 Hz, 2P). 
[ Fe (4- C =CC6H4NO2)(dppe)(r15- C5H5)] 
A mixture of [FeCl(dppe)(r15- C5H5)] (200 mg, 0.36 mmol), 4- HC =CC6H4NO2 and 
ammonium hexafluorophosphate was stirred in methanol (40 mL) for 90 min at reflux. The 
mixture was allowed to cool to room temperature and then 2 mL of sodium methoxide 
solution (0.33 M in methanol) was added with stirring. The solvent was removed in vacuo 
and residue was absorbed onto alumina (basic, ungraded) and placed atop an alumina 
column. Excess acetylene was eluted using 3:7 dichloromethane / pet. spirit and the product 
was eluted using 3:5 dichloromethane / pet. spirit. The volume was reduced to -10 mL 
whereupon the product precipitated and was collected by filtration in air and washed with 
pet. spirit. Yield was 75 mg (31 %). MS: 665 ([M] +, 65), 649 ([Fe(4- 
C =CC6H4NO)(dppe)(r15- C5H5)] +, 7), 519 ([Fe(dppe)(r15- C5H5)1+, 100). Anal. Calcd for 
C39H33FeNO2P2: C 70.39, H 5.00, N 2.10 %. Found: C 70.37, H 5.10, N 2.30 %. IR (cm- 
1): 2044 (vCC). UV -vis (max, cm 1 (e, M-1 cm-1)): 20 000 (13 300), 31 490 (9800). 1H 
NMR: (S, 300 MHz, CDC13); 2.23 (m, 2H, CH2), 2.55 (m, 2H, CH2), 4.29 (s, 5H, C5H5), 
6.25 (m, 2H, H4), 7.20 to 7.84 (m, 22H, Ph). 31P NMR: (S, 121 MHz, CDC13); 106.2 (s (br), 
PPh2). 
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2.9.3. Synthesis of Ruthenium Complexes 
cis- and trans- [RuC12((R,R)- diph)2] 
A mixture of [RuC12(DMSO)4] (375 mg, 0.77 mmol) and (S,S) -diph (500 mg, 1.56 mmol) 
was stirred in methanol (15 mL) for 30 min at reflux. The mixture was allowed to cool to 
room temperature. The yellow precipitate that formed was filtered off. The filtrate was 
reduced to a viscous oil on a rotary evaporator and water (5 mL) was added. A yellow 
precipitate formed and was collected by filtration, dissolved in dichloromethane and then 
dried over anhydrous magnesium sulfate. This mixture was filtered and the yellow solution 
was reduced to dryness on a rotavap and the yellow powder collected. Both samples of 
yellow solid contained cis and trans isomers and so they were combined to give 572 mg (90 
%). The cis /trans isomers were cleanly separated by fractional crystallization. The mixture 
of isomers (572 mg) was dissolved in dichloromethane (10 mL) and pet. spirit (65 mL) was 
slowly added. Upon standing, the cis isomer crystallized and was collected by filtration to 
give 450 mg (71 %) of lemon yellow crystals. [a]D -25.8° (c 0.42, CH2C12). MS: 816 
([M] +, 60), 781 ([M - Cl] +, 100), 745 ([Ru((RR)- diph)2] +, 25), 423 ([ Ru((RR)- diph)] +, 27). 
1H NMR: (S, 300 MHz, CDC13); 1.63 (m, 6H, Me), 2.31 (m, 6H, Me), 6.55 to 7.68 (28H, 
Ph). 31p NMR: (S, 121 MHz, CDC13); 55.1 (t, Jpp = 22 Hz, 2P), 47.5 (t, Jpp = 22 Hz, 2P). 
The volume of the filtrate was reduced to -10 nit, and, upon standing, the trans isomer 
precipitated. This was collected by filtration to yield 100 mg (16 %) of golden yellow 
microcrystals. 1H NMR: (S, 300 MHz, CDC13); 1.55 (br s, 12H, Me), 6.60 to 7.49 (28H, Ph). 
31P NMR: (S, 121 MHz, CDCI3); 52.0 (s). 
( -)589- trans- [Ru(4- C =CC6H4NO2)Cl((R, R)- diph)2] 
cis- [RuC12((R,R)- diph)2] (50 mg, 0.061 mmol), 4- HC CC6H4NO2 (20 mg, 0.14 mmol) and 
sodium hexafluorophosphate (25 mg, 0.15 mmol) were stirred in toluene (5 mL) at reflux 
for 2 h. A light brown precipitate formed. This was collected by filtration in air and then 
dissolved in dichloromethane. Sodium methoxide (1 mL, 0.2 M solution in methanol) was 
added with stirring. The solvent was removed on a rotavap and the residue extracted into 
dichloromethane ( -10 mL). The mixture was filtered, pet. spirit (about 5 mL) was added 
and the solution taken to dryness to yield 36 mg of red powder (63 %). [alp = -504 (c 
0.145, CH2C12). MS: 927 ([M] +, 100), 892 ([M - Cl] +, 20), 745 ([Ru(diph)21+, 28), 423 
([Ru(diph)] +, 26). Anal. Calcd for C48H44C1NO2P4Ru: C 62.17, H 4.78, N 1.51 %. Found: 
C 61.97, H 4.89, N 1.37 %. UV -vis (Vmax, cm-1 (e, M-1 cm-1)): 21 400 (20 700), 39 800 (40 
000), 41 200 (sh, 47 500). IR (cm-1): 2057 v(CC). 1H NMR: (8, 300 MHz, CDCI3); 1.59 
(t, Jgg = 3 Hz, 6H, Me), 1.64 (t, Jgg = 3 Hz, 6H, Me), 6.41 (d, Jim = 9 Hz, 2H, H4), 7.24 to 
7.53 (m, 28H, Ph), 7.82 (d, Jgg = 9 Hz, 2H, H5). 31P NMR: (8, 121 MHz, CDC13); 50.4 (t, 
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JpP = 22 Hz, 2P), 54.4 (t, Jpp = 22 Hz, 2P). 13C NMR: (6, 75 MHz, CDC13); 12.4 (t, JCP = 
16 Hz, Me), 14.9 (t, Jo, = 16 Hz, Me), 111.6 (s, C2), 123.4 to 147.4 (Ph). 
[Ru(4- C =CC6H4NO2)(dppe) (s15- C5H5)] 
A mixture of [RuCI(dppe)(115- C5H5)] (250 mg, 0.35 mmol), 4- HC =CC6H4NO2 (130 mg, 
0.88 mmol) and ammonium hexafluorophosphate (150 mg, 0.92 mmol) was stirred in 
methanol (40 mL) for 1 h at reflux. The mixture was allowed to cool to room temperature, 
dichloromethane (40 mL) was added and the mixture filtered. Pet. spirit (-20 mL) was 
added and the volume reduced in vacuo until the vinylidene complex precipitated. It was 
collected by filtration in air and then dissolved in dichloromethane. To this solution was 
added 10 mL of sodium methoxide solution (0.1 M in methanol) with stirring. The solvent 
was removed and the product purified by column chromatography on alumina, eluting with 
65 % dichloromethane / 35 % pet. spirit. Yield was 75 mg (30 %). MS: 711 ([M] +, 100), 
565 ([Ru(dppe)(115- C5H5)1+. Anal. Calcd for C39H33NO2P2Ru: C 65.91, H 4.68, N 1.97 %. 
Found: C 65.91, H 4.60, N 1.79 %. IR (cm-1): 2056 v(C =C). UV -vis ('max' CM-1 (e, M-1 cm- 
1)): 22 200 (17 800). 1H NMR: (6, 300 MHz, CDC13); 2.30 (m, 2H, CH2), 2.57 (m, 2H, 
CH2), 4.79 (s, 5H, C5H5), 6.31 (d, JHH = 7 Hz, 2H, H4), 7.26 to 7.87 (m, 22H, Ph). 31P 
NMR: (S, 121 MHz, CDC13); 86.2 (s, PPh2). 
2.9.4. Syntheses of Osmium Complexes 
trans- [OsC12(DMSO)4] 
An aqueous solution of (NH4)2[OsCl6] (500 mg, 1.14 mmol) was passed through a cation 
exchange column in the protic form, eluting with H2O, after which the solvent was removed 
from the eluate using a rotary evaporator. The residue was dissolved in dimethylsulfoxide 
(4 mL), SnC12.2H20 (400 mg, 1.78 mmol) was added and the resultant solution heated at 
90 °C for 1 h. The yellow precipitate that formed was collected by filtration and washed with 
acetone (2 x 15 mL) and ether (2 x 15 mL), yielding 300 mg (46 %) as a yellow solid. MS: 
574 ([M] +, 32), 558 ([M - O] +, 29), 539 ([M -Cl]', 7), 497 ([M - Me2SO] +, 15). Anal. 
Calcd for C8H24C12O4OsS4: C 16.75, H 4.22 %. Found: C 16.43, H 4.10 %. 1H NMR: (S, 
300 MHz, CDC13); 3.44 (s, Me). UV -vis ('max, cm -1 (e, M-1 cm-1)): 28 460 (50), 37 290 
(sh, 920), 40 000 (1760). 1H NMR: (S, 300 MHz, CDC13); 3.44 (s, Me). 13C NMR: (S, 75 
MHz, CDC13); 42.0 (Me). A crystal suitable for X -ray diffraction study was grown by liquid 
diffusion from CHC13 / hexane at room temperature. 
cis- [OsC12(DMSO)4] 
An aqueous solution of (NH4)2[OsC16] (250 mg, 0.57 mmol) was passed through a cation 
exchange column in the protic form, eluting with H2O, after which the solvent was removed 
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from the eluate using a rotary evaporator. The residue was transferred to a Schlenk tube as a 
solution in methanol and the solvent removed in vacuo. The red/black residue was then 
dissolved in dimethylsulfoxide (1 mL), SnC12.2H2O (200 mg, 0.89 mmol) was added and 
the mixture was stirred under N2 for 0.5 h at 120 °C, over which time a precipitate formed. 
The temperature was increased to 150 °C and stirring continued for 0.5 h. The mixture was 
cooled to room temperature and acetone (7 mL) was added. It was then allowed to stand 
overnight under N2 whereupon a light grey precipitate formed which was collected and 
washed with acetone and ether. Recrystallization from CHC13 / ether afforded 110 mg as 
white microcrystals (34 %). MS: 575 ([M] +, 83), 558 ([M - O] +, 8), 539 ([M - Cl] +, 100), 
434 ([OsC12O(Me2SO)2] +, 81). Anal. Calcd for C8H24C12O4OsS4: C 16.75, H 4.22 %. 
Found: C 16.67, H 3.87 %. UV -vis (max, cm-1 (s, M-1 cm-1)): 34 390 (550), 40 330 (sh, 
950). 1H NMR: (S, 300 MHz, CDC13); 2.75 (s, 6H, Me), 3.41 (s, 6H, Me), 3.52 (s, 6H, Me), 
3.56 (s, 6H, Me). 13C NMR: (S, 75 MHz, CDCI3); 38.4 (Me), 45.0 (Me), 47.7 (Me), 47.9 
(Me). The complex was also synthesized by stirring trans- [OsCl2(DMSO)41 (100 mg, 0.17 
mmol), prepared as above, in 5 mL of DMSO at 150 °C for 1 h. Evaporation of the DMSO 
in vacuo and washing of the resultant white powder with 1 : 1 acetone / ether (2 x 4 mL), 
and then ether (2 x 4 mL) yielded 78 mg (78 %) of the cis product. A crystal suitable for 
X -ray diffraction study was grown by liquid diffusion from chloroform / diethyl ether at 
room temperature. 
( +)589- cis- [OsCl2((R, R)- diph)2] 
A mixture of cis- [OsC12(DMSO)41 (100 mg, 0.17 mmol) and (S,S) -diph (112 mg, 0.35 
mmol) was stirred in refluxing methanol (5 mL) for 5 h. The mixture was allowed to cool to 
room temperature and the resultant pale yellow precipitate was collected, washed with ether 
and dried in vacuo. 56 mg of powder was collected and a further 20 mg of product was 
obtained by removing the solvent in vacuo, dissolving the residue in dichloromethane and 
then precipitating with pet. spirit. Yield 76 mg (48 %). [a]D: +9.0 (c 0.22, CH2C12). MS: 
906 ([M] +). Anal. Calcd for C40H40C12OsP4: C 53.04, H 4.45 %. Found: C 52.84, H 4.36 
%. 1H NMR: (S, 300 MHz, CDCI3); 1.76 (m, 6H, Me), 2.23 (t, J. 4 Hz, 6H, Me), 5.99 - 
7.80 (m, 28H, Ph). 31P NMR: (S, 121 MHz, CDC13); 10.6 (t, Jpp = 9 Hz, 2P), 16.3 (t, Jpp = 9 
Hz, 2P). 
(- )589 -trans- [OsCl2((R, R)- diph)2] 
A mixture of trans- [OsCl2(DMSO)4] (100 mg, 0.17 mmol) and (S,S) -diph (118 mg, 0.36 
mmol) was stirred in refluxing methanol (10 mL) for 18 h, and then allowed to cool to 
room temperature. The yellow microcrystals that formed were collected, washed with pet. 
spirit and dried in vacuo (104 mg, 66 %). [a]D: -397.5 (c 0.20, CH2C12). MS: 906 ([M] +). 
Anal. Calcd for C40H40C12OsP4: C 53.04, H 4.45 %. Found: C 52.61, H 4.31 %. 1H NMR: 
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(S, 300 MHz, CDC13); 1.54 (s, 12H, Me), 7.23 to 7.37 (m, 28H, Ph). 31P NMR: (S, 121 MHz, 
CDC13); 18.1. A crystal suitable for X -ray diffraction study was grown from 
dichloromethane / methanol. 
( -)365- trans- [Os(4- C =CC6H4NO2) Cl((R, R)- diph)2]: 
A mixture of ( +)589- cis- [OsCl2((R,R)- diph)2] (50 mg, 0.055 mmol), 4- HC CC6H4NO2 (20 
mg, 0.14 mmol) and sodium hexafluorophosphate (20 mg, 0.12 mmol) was stirred in 
toluene (5 mL) for 2 h at reflux. The mixture was allowed to cool to room temperature and 
the brown precipitate that formed was collected by filtration in air and washed with pet. 
spirit. It was then dissolved in dichloromethane and 1 mL of sodium methoxide solution 
(0.3 M in methanol) was added with stirring. The mixture immediately turned deep red in 
colour. The solvent was removed in vacuo. The residue was extracted into dichloromethane 
and filtered. Pet. spirit was added to filtrate and the solvent was removed on a rotary 
evaporator and 33 mg (59 %) of dark red powder was collected. [a]355 = 
-2730 (c 0.0495, 
CH2C12). MS: 1017 ([M] +, 100). Anal. Calcd for C48H44C1NO2OsP4: C 56.72, H 4.36, N 
1.38 %. Found: C 57.31, H 4.80, N 1.65 %. IR (cm-1): 2052 v(C =C). UV -vis (vmax, cm-1 (e, 
M -1 cm-1)): 20 400 (18 200), 40 900 (sh, 35 200). 1H NMR: (S, 300 MHz, CDC13); 1.62 (t, 
JHH = 4 Hz, 6H, Me), 1.71 (t, JHH = 4 Hz, 6H, Me), 6.38 (d, JHH = 9 Hz, 2H, H4), 7.22 to 
7.48 (m, 28H, Ph), 7.82 (d, JHH = 9 Hz, 2H, H5). 31P NMR: (S, 121 MHz, CDC13); 18.9 (t, 
Jpp = 13 Hz, 2P), 23.0 (t, Jpp = 13 Hz, 2P). 13C NMR: (S, 75 MHz, CDC13); 10.7 (t, Jcp = 
20 Hz, Me), 13.7 (t, JCp = 20 Hz, Me), 109.7 (C2), 123.4 to 147.4 (Ph). 
[Os(4- C =CC6H4NO2) (PPh3)2(115 -05H5) ] 
A mixture of [OsBr(PPh3)2(115- C5H5)] (250 mg, 0.29 mmol), 4- HC=CC6H4NO2 (130 mg, 
0.88 mmol) and ammonium hexafluorophosphate (150 mg, 0.92 mmol) was stirred in 
methanol (40 mL) for 3 h at reflux. The mixture was allowed to cool to room temperature 
and then 2 mL of sodium methoxide solution (0.3 M in methanol) was added with stirring. 
The solvent was removed and the product purified by column chromatography on alumina 
eluting firstly with 30 % dichloromethane / 70 % pet. spirit to remove any excess acetylene, 
and then with 60 % dichloromethane / 40 % pet. spirit to remove the product. The solvent 
was removed and the product was collected to yield 210 mg (78 %) of dark red 
microcrystals. MS: 927 ([M + H] +, 100), 781 ([Os(PPh3)2(11- C5H5)] +, 10), 664 ([M - 
PPh3]+, 35). Anal. Calcd for C49H39NO2OsP2: C 63.56, H 4.25, N 1.51 %. Found: C 63.55, 
H 4.42, N 1.61 %. IR (cm-1): 2054 v(CC). UV -vis (max, cm 1 (e, M-1 cm-1)): 21 000 (22 
300), 36 400 (sh, 16 000). 1H NMR: (S, 300 MHz, CDC13); 4.43 (s, 5H, C5H5), 6.98 (d, JHH 
= 9 Hz, 2H, H4), 7.05 to 7.35 (m, 30H, Ph), 8.00 (d, JHH = 9 Hz, 2H, H5). 31P NMR: (S, 121 
MHz, CDC13); 2.8 (s, PPh3). 
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[0s(4-Ca- C5H5)] 
A mixture of [OsBr(dppe)(115- C5H5)] (160 mg, 0.22 mmol), 4- HC CC6H4NO2 (50 mg, 
0.34 mmol) and ammonium hexafluorophosphate (75 mg, 0.46 mmol) was stirred in 
methanol (30 mL) for 65 h at reflux. The solvent was removed in vacuo and the residue 
extracted into dichloromethane (10 mL) and filtered through a sintered glass funnel. 
Diethyl ether (50 mL) was added to the filtrate and 100 mg of yellow powder was collected. 
This was dissolved in dichloromethane (10 mL) and 2 mL of sodium methoxide solution 
(0.3 M in methanol) was added with stirring. The solvent was removed and the product 
purified by column chromatography on alumina eluting with dichloromethane. The solvent 
was removed and the product was collected to yield 30 mg (17 %) of dark red powder. MS: 
802 ([M] +, 100), 655 ([Os(dppe)(95- C5H5)] +, 25). Anal. Calcd for C39H33NO2OsP2: C 
58.57, H 4.16, N 1.75 %. Found: C 58.40, H 4.11, N 1.57 %. IR (cm-l): 2055 v(CC). UV- 
vis (Vmax, cm 1 (e, M-1 cm-1)): 21 600 (16 900) 36 800 (sh, 10 400). 1H NMR: (S, 300 
MHz, CDC13); 2.42 (m, 4H, CH2), 4.78 (s, 5H, C5H5), 6.25 (d, JHH = 9 Hz, 2H, H4), 7.17 to 
7.38 (m, 20H, Ph), 7.72 (d, JHH = 9 Hz, 2H, C5), 7.85 (m, 4H, Ph). 31P NMR: (S, 121 MHz, 
CDC13); 46.7 (s, PPh2). 
2.9.5. X -ray structure determinations 
Unique diffractometer data sets were obtained using the to-28 scan technique and yielded N 
independent reflections, No of these with I 3.00a(I) being considered "observed" and used 
in full matrix least squares refinement; an empirical psi -type absorption correction was 
applied in each case. Anisotropic thermal parameters were refined for the non -hydrogen 
atoms; (x, y, z, Uiso)H were included constrained at estimated values. For the complex trans - 
[OsCl2(DMSO)4], disorder was modelled with the S atom occupying two sites with 
occupancies summing to 0.5. Conventional residuals R and RW on IFI are given; the 
weighting function w = 4Fo2/62(Fa2) where a2(F02) = [S2(C + 4B) + (pFo )2]/Lp2 (S = 
scan rate, C = peak count, B = background count, p = p factor determined experimentally 
from standard reflections) was employed. Computation used the teXsan package.131 
Specific data collection, solution and refinement parameters are given in the Tables in 
Section 2.5. 
2.9.6. Nonlinear optical measurements 
Hyper- Rayleigh scattering 
An injection- seeded Nd:YAG Iaser (Q- switched Nd:YAG Quanta Ray GCR5, 1064 nm, 8 ns 
pulses, 10 Hz) was focussed into a cylindrical cell (7 mL) containing the sample. The 
intensity of the incident beam was varied by rotation of a half -wave plate placed between 
crossed polarizers. Part of the laser pulse was sampled by a photodiode to measure the 
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vertically polarized incident light intensity. The frequency doubled light was collected by 
an efficient condenser system and detected by a photomultiplier. The harmonic scattering 
and linear scattering were distinguished by appropriate filters; gated integrators were used to 
obtain intensities of the incident and harmonic scattered light. All measurements were 
performed in tetrahydrofuran using p- nitroaniline ((3 = 21.4 x 10 -30 esu)132 as a reference. 
Further details of the experimental procedure have been reported in the literature.133,134 
Powder SHG measurements 
Samples were ungraded powders placed in the circular cavity (10 mm diameter x 0.5 mm 
depth) of a microscope slide with a cover slip. Powder SHG efficiencies were measured 
using the Kurtz technique.127 The fundamental output of a Q- switched Quanta -Ray GC- 
130 Nd:YAG laser was directed onto the sample (spot size - 5 mm; energy per pulse: up to 
20 mJ). A collecting lens (orthogonally placed with respect to the fundamental beam) 
focussed the backscattered second harmonic light through an infrared absorbing filter and a 
532 nm interference filter onto a photodiode detector, which was connected to a HP digital 
54510A oscilloscope. Measurements thus made were compared with a urea powder sample. 
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Chapter 3 
Transition Metal Complexes with 
Acetylide Ligands Containing Nitrogen 
Linkages and Some of Their Nonlinear 
Optical Properties 
3.1. Introduction 
In this chapter, the preparation and characterization of transition metal complexes with 
acetylide ligands that contain nitrogen linkages, and an examination of their molecular 
second -order optical nonlinearities, is presented. 
Studies of organic compounds with donor and acceptor substituents linked by a system of 
it- conjugation have shown that variation of the length and composition of the it- system 
leads to marked variations of their molecular NLO properties.1 -6 One area of interest is the 
effect of incorporating nitrogen into the it- conjugated system and, in particular, 
incorporating nitrogen into the linkages between arylene units. The results from several 
computational investigations have been reported,7 -13 data from which are collected in Table 
3.1. The results of these studies are varied, with contradictory trends being seen. It is 
difficult to draw any solid conclusions about the effect of this bridging group variation on 
the optical nonlinearity. 
Few experimental investigations have been undertaken in this area. Two reports14,15 (see 
Table 3.2.) only provide a comparison of the trans -CH =CH with the N =CH linkages, with 
the former having larger (3 values in both cases. While the current work was in progress, a 
report16 on the nonlinearities of organic stilbene, benzylideaniline and azobenzene 
derivatives measured by EFISH (Table 3.2.) stated that the first hyperpolarizabilities of 
169 
Table 3.1. Computational first hyperpolarizabilities for donor -acceptor compounds with an unsaturated X = Y linkage (X, Y = CH or N). 
R 
NH2 NMe2 
Compound 
Ph3PRu -C =C 
PPh3 
IRCNDO /Sa 36 -31G5 13PPPe 130 CNDO/VSBei ß (130) CNDO /VSBe QZINDOf 
(10 -30 esu) (10-30 esu) (l0-30 esu) (10 -30 esu) (10 -30 esu) (10 -30 esu) 
R O C-= ICI O NO2 202.8 248.0 42.7 109.6 (50.3) 45 
H 
R O C N O NO2 135.3 371.0 28.1 57.4 (31.1) 52 
R O N =C H O NO2 31.8 77.0 38.9 113.6 (50.6) 55 
R O N =N O NO2 132.0 59.6 128.2 (55.5) 89 
H H H R- 
C= 
C -C=C -C C NO2 17.78 
H H R- C= C- C =N -C =C NO2 16.91 
H H H 
H H H 
R 
-C - C -N =C C C NO2 12.40 H
H H 
R -C C=C- N= N -H C NO2 12.90 
H 
a Zero -field first hyperpolarizabilities calculated using the CNDO /S method.7'8 b Zero -field first hyperpolarizabilities calculated using the ab initio CPHF 
method.9 C Zero -field first hyperpolarizabilities calculated using the PPP method.10 d Zero -field first hyperpolarizabilities calculated using the CNDO/VSB 
method)1 e First hyperpolarizabilities calculated at 1.36 µm and at zero -field using the CNDO/VSB method.12f First hyperpolarizabilities calculated at 1.91 
µm using the ZINDO method.15 
Table 3.2. Experimental first hyperpolarizabilities for 
donor -acceptor compounds with an unsaturated X =Y linkage (X,Y = CH or N). 
R 
Compound NMe2 NMe2 
Ru- CE C- 
Ph3P 4 PPh3 
PEFISH (130)a PHRS (Po) b 130 EFISH C 
(10-30 esu) (10-30 esu) (100 esu) 
R O C----P NO2 105 (52) 1455 (232) 56 
R O C.-=N O NO2 35 
H 
R O N -- O NO2 77 (37) 840 (86) 44 
R O N =N O NO2 58 
a First hyperpolarizabilities measured at 1.36 µm using the EFISH technique (PEFIsH) and static first 
hyperpolarizabilities calculated using the two -level approximation (130).14 b First hyperpolarizabilities 
measured at 1.06 p.m using the HRS technique (13xRs)and static first hyperpolarizabilities calculated 
using the two -level approximation (130.15 C Static first hyperpolarizabilities calculated using the two - 
level approximation from experimental values measured at 1.91 pm using the EFISH technique.16 
trans -CH =CH and N =N bridged donor - acceptor compounds are of comparable magnitude 
and that the substitution of one carbon by a nitrogen atom reduces the second -order NLO 
activity. This report finds the same trend between the trans -CH =CH and N =CH linkages as 
do the previous two reports but in addition suggests that N =N linked compounds are worthy 
of further investigation. No reports of NLO studies on transition metal azo- linked acetylide 
complexes are extant. Whittall et aí17 reported that attempts to prepare the terminal alkyne 
(E)- 4,4'- HC=CC6H4N= NC6H4 -NO2 had failed, but attempts were not exhaustive. 
The first aim of the studies described in this Chapter is to fill this gap in the current 
knowledge about the preparation and NLO properties of donor -acceptor substituted azo- 
bridged complexes. The preparation and characterization of (E) -4,4'- 
HC= CC6H4N= NC6H4NO2 and derivative ruthenium and gold acetylide complexes are 
presented in this Chapter, together with second -order NLO data. 
171 
NLO studies on donor -acceptor substituted indoanilines have been reported.1819 These 
compounds have an arylene group connected to a quinonal group via a nitrogen atom. 
Experimentally determined values of ß for some of these indoaniline derivatives are 
significant: see Table 3.3. In the ground state, there is one aromatic ring and one quinonal 
ring. Upon excitation, this system compensates for the loss of aromaticity with the aromatic 
ring by the gain of aromaticity with the quinonal ring (see Figure 3.1.). Marder et aí18 have 
suggested that this tends to assist in charge polarization and favourably influences the 
second -order NLO activity. To date, no synthetic or NLO investigations of transition metal 
complexes bearing this type of substituent have been reported. 
The second aim of the studies described in this Chapter is (i) to determine if a terminal 
alkyne may be incorporated into this type of compound and hence to prepare some novel 
metal acetylide complexes that contain an imino bridging group with a quinonal oxygen 
acceptor, and (ii) to gain some insight into the effect of this substituent on NLO properties 
by measuring the second -order NLO responses of these complexes. This Chapter details the 
preparation and characterization of 4- HC =CC6H4N= CCH= CButC(0)CBut =CH and 
ruthenium acetylide derivatives, together with their second -order NLO data. 
= 
Figure 3.1. Ground and CT excited states of 
donor(D)- acceptor substituted indoaniline compounds. 
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Table 3.3. First hyperpolarizabilities of some indoaniline derivatives." 
Compound F'EFISH b PO c 
Me2N O N O 190 106 
But 
Me2N O N O 78 47 
But 
But 
0- N-_ 5.9 4.5 
But 
But 
Br O N O 13 9.9 
But 
But 
MeS O N O 16 11 
But 
But 
MeO O N O 17 12 
But 
But 
MeO O N *O 19 13 
OMe But 
But 
Me2N- O 
ON O 116 77 
But 
But M eO O NO 48 33 
But 
" References 18,19. b First hyperpolarizability measured by EFISH at 1.91 µm. 
C Static first hyperpolarizability calculated using the two -level approximation. 
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3.2. Syntheses of terminal alkynes 
3.2.1. 4-HCC6H4N=CCH=CButC(0)CBut=CH (1) 
The preparation of 4- HC= CC6H4N= CCH= CButC(0)CBut =CH (1) was achieved using the 
synthesis outlined in Scheme 3.1. The iodide 4- IC6H4N= CCH= CButC(0)CBut =CH was 
obtained in good yield using a modification to the literature procedure of Figueras et al.20 
Unlike the literature procedure, an excess of 4- iodoaniline was used to ensure the complete 
reaction of 2,6- di- tert -butylbenzoquinone. This aided in the purification of the product by 
column chromatography, as the product and 2,6- di- tert -butylbenzoquinone were quite 
difficult to separate but the product and 4- iodoaniline were readily separated. It was found 
(by monitoring the progress of the reaction with 1H NMR spectroscopy) that the reaction 
would stop if the boron trifluoride catalyst was not replenished over the course of the 
reaction. 
O NI-I2 
BF3 .Et20 O 1. HC=CSiMe3 PdC12(PPh3)2 CuI / NEt3 
2. [NBu41F 
H C 
87 % (based on 2,6-di-tert-butylbenzoquinone) 
Scheme 3.1. Synthesis of 1. 
O 
(1) 
37 % 
The 1H NMR spectrum of 4- IC6H4N= CCH= CButC(0)CBut =CH contains signals at 7.69 
and 6.63 ppm assigned to the protons on the aromatic ring. The protons of the quinone 
ring are inequivalent because of the restricted rotation about the double bond to the 
nitrogen atom. This inequivalence is reflected in the 1H NMR spectrum, which contains two 
doublet signals at 7.01 and 6.74 ppm corresponding to the protons attached to the quinonal 
ring, and two singlet signals at 1.30 and 1.18 ppm assigned to the tert -butyl groups. No 
attempt was made to assign individual signals to the protons of the quinone ring. The 
identity of this compound was further confirmed by high -resolution mass spectrometry. 
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The coupling reaction of Sonogashira et al21 was utilized to obtain the terminal alkyne 1 
from the aryl iodide 4- IC6H4N= CCH= CButC(0)CBut =CH in moderate yield (see Scheme 
3.1). No advantage (in terms of purity or yield of the final product) was gained by isolating 
the intermediate trimethylsilyl-protected alkyne. Compound 1 was characterized by EI mass 
spectrometry, satisfactory microanalysis, UV -vis and IR spectroscopy, and 1H and 13C NMR 
spectroscopy. The UV -vis spectrum contains bands at 34 900 and 39 400 cm-1, assigned to 
n ->n* transitions, and a much weaker band at 22 300 cm-1, assigned to an n -sn* transition. 
The IR spectrum contains a strong band at 1633 cm-1 which may be assigned to the C =0 
stretching mode. The 1H NMR spectrum is similar to that of the starting material, with no 
change in the chemical shifts of the signals assigned to the substituents on the quinone ring; 
in contrast, the signals assigned to the protons of the arylene ring are 0.4 ppm closer 
together. A signal assigned to the proton of the terminal alkyne is observed at 3.10 ppm. 
The inequivalence of each of the carbon atoms associated with the quinone ring is reflected 
in the 13C NMR spectrum (see Figure 3.2. for the NMR numbering scheme). The carbon 
atoms C10 and C14 have signals 13 ppm apart (at 134.3 and 121.3 ppm, respectively), atoms 
C11 and C13, which are one bond further from the nitrogen centre are separated by -- 5 
ppm, while atoms C15 and C16, which are another bond further removed, are separated by 
only 0.4 ppm, and a single signal is observed corresponding to the methyl substituents Mea 
and Meb. Chemical shifts for the arylene and alkyne substituents are unexceptional. 
H-C1 -. 
H-Ci CZ 
H4 
\ / 
Hu) 
N / Mea 
CgC10 
i 
Clj C15 H14 C14 C/ Mea 
\13 12 
Meb /16\ 
Meb Meb 
H\ 1411 
N, 
1t N- C \ C 1z NOZ 
Figure 3.2. NMR numbering schemes. 
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An alternative synthetic route to 1 was trialed (see Scheme 3.2.) in which trimethylsilyl 
acetylene was coupled to 4- iodoaniline (using the method of Sonogashira et aí21) and the 
product, 4- trimethylsilylethynylaniline, was then reacted with 2,6- di- tert- butylbenzoquinone 
under similar conditions to those described above, before deprotection of the alkyne with 
tetrabutylammonium fluoride. 
HC=CSiMe3 
O NH2 
PdC12(PPh3)2 
CUI / NEt3 
Me3SiC= C O 
87 % 
1. 0 
BF3Et20 
NH2 
2. TBAF 
Scheme 3.2. Alternative synthesis of 1. 
H C O 
25 % 
The desired product was prepared, but the overall yield was inferior and the work -up less 
time -efficient, with the coupling between the quinone and aniline yielding several 
unidentified by- products. 
3.2.2. (E)-4,4 6H4N=NC6H4NO2 (2) 
The diazotization of commercially available (E)- 4,4'- H2NC=CC6H4N =NC6H4NO2 followed 
by reaction with iodide using the general procedure of Voge122 gave the aryl iodide (E)- 
4,4'- IC =CC6H4N= NC6H4NO2 in 37 % yield (see Scheme 3.3.). This method first requires 
the formation of a diazonium salt, which is generally stable only at temperatures below 5 °C. 
In the current work, the formation of the diazonium cation [(E)-4,4'-N=NC6H4N=N- 
C6H4NO2]+ did not occur at this temperature, but the reaction conducted at room 
temperature proved to be successful. This is in accord with the suggestion of Voge122 that 
some amines, such as nitroanilines, react slowly at low temperatures but the diazonium 
compounds formed are somewhat more stable at room temperature. The reaction of the 
diazonium salt with potassium iodide proceeded rapidly to yield the desired aryl iodide. 
This compound was characterized by high resolution mass spectrometry, UV -vis, IR 
spectroscopy and 111 NMR spectroscopy. The UV -vis spectrum shows an absorption band at 
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28 300 cm-1, assigned to a 1c -*m" transition, with a much weaker band at 21 400 cm-1, 
assigned to a n -s1t" transition. Characteristic symmetric and asymmetric N =0 stretches are 
observed in the IR spectrum at 1347 and 1527 cm-1, respectively. The 1H NMR spectrum 
contains four sets of doublets with assignments as follows (see Figure 3.2. for numbering 
scheme); 7.68 (H4), 7.90 (H5), 8.02 (H10), 8.37 (H11). 
The coupling reaction of Sonogashira et aí21 was again utilized to prepare the terminal 
alkyne 2 from the aryl iodide (see Scheme 3.3.). The trimethylsilyl- protected alkyne 
intermediate was again not isolated, no advantage in terms of yield or purity being gained. 
Compound 2 was characterized by EI mass spectrometry, satisfactory microanalysis, UV -vis, 
IR, 1H and 13C NMR spectroscopy. The UV -vis spectrum contains similar features to that of 
the precursor aryl iodide with an absorption band at 28 400 cm-1 and a much weaker band 
at 21 700 cm-1. The IR spectrum shows the characteristic symmetric and asymmetric N =0 
stretches in identical positions to those of the iodide precursor (1346 and 1527 cm-1, 
respectively). In the 1H NMR spectrum, the chemical shifts associated with the protons on 
the arylene groups are almost identical to those of the iodide starting material. A signal at 
3.27 ppm is assigned to the proton of the terminal alkyne. 
HC° C 
O 
O 
N- N O NO2 
1. H2SO4 
NaNO2 
2. KI 
N= N 
N= N 
(2) 
O NO2 37 % 
1. HC=CSiMe3 
PdCl2(PPh3)2 
CuI / NEt3 
2. TBAF 
O NO2 
Scheme 3.3. Synthesis of 2. 
45 % 
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3.3. Syntheses of metal acetylide complexes 
3.3.1. trans-[Ru(4-CC6H4NR)C1(dppm)2] 1R= CCH=CButC(0)CBut=CH (3), 
NC6H4NO2 (4)) 
The preparation of the new acetylide complexes 3 and 4, incorporating the trans - 
bis(dppm)chlororuthenium unit, follows the literature procedure of Touchard et aí23 for the 
preparation of the phenylacetylide analogue. This reaction is described in more detail in 
Chapter 2. Reaction of cis- [RuC12(dppm)2], sodium hexafluorophosphate and a terminal 
alkyne (the syntheses of which are described in 3.2.) in dichloromethane at room 
temperature afforded vinylidene complexes of the type trans-[Ru(C=CH-4- 
C6H4NR)Cl(dppm)2]PF6 (where R = CCH= CButC(0)CBut =CH and NC6H4NO2). These 
were deprotonated with base in situ before work -up, to afford the desired acetylide complex 
(see Figure 3.3.) in good yields (65 and 62 %, respectively). Both triethylamine and a 
methanolic solution of sodium methoxide were found to be satisfactory for the 
deprotonation step. The new acetylide complexes were characterized by FAB mass 
spectrometry, satisfactory microanalyses, UV -vis and IR spectroscopy, 1H, 31P and 13C 
NMR spectroscopy. A discussion of selected characterization data may be found in Section 
3.3.4. 
n 
Ph2P /PPh2 
Cl-Ru C=C 
Ph2P PPh2 
n 
Ph2P /PPh2 
Cl-R/ \ C- C 
Ph2P PPh2 
o 
(3) 
o 
(4) 
But 
But 
o NO2 
Figure 3.3. trans- [Ru(4 -C =CC6H4N= CCH= CButC(0)CBut= CH)Cl(dppm)21 (3) 
and trans- [Ru((E)- 4,4' -C =CC6H4N =NC6H4NO2)CI(dppm)2] (4). 
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3.3.2. [Ru(CC6H4NR)(PPh3)2(115-05H5)) (R = CCH=CButC(0)CBut=CH (5), 
NC6H4NO2 (6)) 
The preparation of the new (cyclopentadienyl) bis (triphenylphosphine)ruthenium acetylide 
complexes follows the literature procedure of Bruce et aí24 for the preparation of the 
phenylacetylide analogue. Reaction of [RuCI(PPh3)2(Tl5- C5H5)] with terminal alkyne in 
refluxing methanol afforded vinylidene complexes of the type trans - 
[ Ru (C= CHC6H4NR)(PPh3)2(115- C5H5)]+ (where R = CCH= CButC(0)CBut =CH and 
NC6H4NO2). Unlike their bis(dppm)- containing analogues described in Section 3.2.1, no 
addition of counter -ions (such as hexafluorophosphate) was required to stabilize the 
vinylidene complexes, the displaced chloride presumably being sufficient. The vinylidene 
complexes were deprotonated with base in situ to afford the desired acetylide complexes 
(see Figure 3.4.) in 32 and 51 % yield, respectively. The new acetylide complexes were 
characterized by FAB mass spectrometry, satisfactory microanalyses, UV -vis and IR 
spectroscopy, 1H, 31P and 13C NMR spectroscopy. A discussion of the characterization data 
may be found in Section 3.3.4. 
Ru C-C 
Ph3P' 
PPh3 
Ru C-C 
Ph3P' 
PPh3 
(5) 
(6) 
But 
NO2 
Figure 3.4. [Ru(4-C=CC61-14N=CCH=CButC(0)CBut=CH)(PPh3)2(115-05H5)] (5) 
and [Ru((E)-4,4'-CCC6H4N=NC6H4NO2)(PPh3)2(rl5-05H5)] (6). 
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3.3.3. [Au((E)-4,4 =CC6H4N=NC6H4NO2)(PPh3)] (7) 
The preparation of this acetylide complex is based on the literature procedure of Whittall et 
al.25 A mixture of (triphenylphosphine)gold chloride, (E)- 4,4' -HC=CC6H4N= NC6H4NO2 
and sodium methoxide solution was stirred in dichloromethane for 18 h to give [Au((E)- 
4,4' -C CC6H4N= NC6H4NO2)(PPh3)] (see Figure 3.5.) in 71 % yield. The complex was 
characterized by FAB mass spectrometry, satisfactory microanalysis, UV -vis and IR 
spectroscopy, 1H, 31P and 13C NMR spectroscopy. A discussion of selected characterization 
data may be found in Section 3.3.4. 
Ph3P-Au-C- O 
(7) 
N O NO2 
Figure 3.5. [Au((E)- 4,4' -e=CC6H4N= NC6H4NO2)(PPh3)] 
3.3.4. Comparisons of characterization data 
The 1H NMR data for 1 - 7 are listed in Table 3.4. and the NMR numbering scheme is 
displayed in Figure 3.6. In the complexes containing the indoaniline ligand, the signals 
assigned to H4 and H5 are found further downfield in the spectrum of the 
(cyclopentadienyl) bis (triphenylphosphine)ruthenium complex 5 than in that of the 
chlorobis(dppm)ruthenium complex 3. The signal assigned to H4 is further upfield in the 
spectrum of 3 than in that of 5 or the free ligand 1. A comparison of the signals assigned to 
the phenyl and methyl groups shows little variation between 3 and 5. The spectra of the 
azo- linked alkynyl ligand- containing complexes 4 and 6 contain phenyl resonances in the 
same region. For 4 and 6, the same trend is seen in the signals assigned to H4 and H5 as is 
observed with 3 and 5, with those of 4 found upfield compared with those of 6 or the free 
ligand 2. The H10 and H11 signals are relatively invariant for complexes 4 and 6 and the 
free ligand. Comparing spectra for the two sets of complexes bearing the same phosphine 
ligand but different acetylide ligands, H4 is invariant for the complexes with the dppm 
ligands (3 and 4), but H5 is significantly upfield for complexes with the indoaniline 
acetylide compared to those with the N =N linked acetylide. The methylene signals are 
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Table 3.4. 1H NMR data for complexes 1 -7e. 
Compound Chemical shift in ppm (JHH in Hz (all doublets)) 
HCC H4 H5 H15 H11 H14 Mea Meb CH2 Phenyl C5H5 
1 3.10 6.82 (8) 7.50 (8) 6.72 (3) or 7.00 (3) 6.72 (3) or 7.00 (3) 1.17 or 1.31 1.17 or 1.31 
3 6.04 (8) 6.53 (8) 6.94 (3) or under Ph 6.94 (3) or under Ph 1.27 or 1.31 1.27 or 1.31 4.91 (m) 7.02 - 7.43 
5 6.77 (8) under Ph under Ph under Ph 1.24 1.32 7.01 - 7.48 4.32 
2 3.27 7.65 (9) 7.92 (9) 8.02 (9) 8.38 (9) 
4 6.06 (9) 7.53 (9) 7.92 (9) 8.33 (9) 4.93 (m) 7.06 - 7.43 
6 under Ph 7.80 (8) 7.96 (9) 8.34 (9) 7.07 - 7.47 4.36 
7 7.64 (8) 7.87 (8) 7.98 (9) 8.35 (9) 7.42 - 7.57 
a Referenced to residual CHC13 (7.24 ppm). 
invariant. For the complexes bearing triphenylphosphine ligands (5 and 6), comparison is 
difficult because signals arising from the phenylene groups of the acetylide ligands are 
obscured by signals from the phenyl groups. The signals assigned to the cyclopentadienyl 
substituents have the same chemical shift in both complexes. The gold complex 7 has 
resonances assigned to the acetylide ligand at similar chemical shifts as those of the free 
ligand 2. 
Ph2P PPh2 
CI Ru C1=C2R 
PhP /PPh2 
Ru C1-C2R Ph2P-Au-C1=C2R 
Ph2P7 1 / PPh3 
Ur Co Cp Cm 
-Cm 
H 5 
5 H10 
R = C1-CZ C 6-N Mea \ C/ Mea 
/9 Cif- Cl 5\ H14 14 C/ Mea 
C13 1\ 
(7 
Meb C16 
Meb Meb 
H4 H5 \ C H10 H11 
R= Ci C2-C 6 N C 11 
\ / N-CÇ12 NC2 
Figure 3.6. NMR numbering schemes. 
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Table 3.5. 13C NMR data for complexes 1-7°. 
Compound Chemical shift in ppm 
C1 C2 C3 C4 C5 C6 C9 C10 C11 C12 CI3 C14 C15 C16 Mea/Meb 
1 
3 
5 
2 
4 
6 
7 
77.5 
80.4 
83.4 
114.2 
115.6 
83.0 
1 17.5 
118.7 
118.9 
128.5 
129.1 
126.2 
136.0 
135.7 
129.6 or 
129.8 
132.8 
130.5 
131.0 
133.1 
130.7 
131.2 
133.2 
120.8 
122.0 
122.4 
123.4 or 
123.6 or 
124.8 
122.7 or 
123.0 or 
124.7 
122.9 or 
123.8 or 
124.7 
123.3 or 
124.7 
150.0 
144.5 
145.2 
151.8 
147.6 
147.7 
150.6 
154.2 or 
153.4 
151.8 or 
152.1 
151.9 or 
152.5 
155.5 
156.6 
156.5 
155.8 
121.3 or 
134.3 
122.2 or 
135.0 
122.1 or 
135.0 
123.4 or 
123.6 or 
124.8 
122.7 or 
123.0 or 
124.7 
122.9 or 
123.8 or 
124.7 
123.3 or 
124.7 
153.4 or 
154.2 or 
158.8 
151.8 or 
152.1 or 
156.5 
151.9 or 
152.5 or 
156.9 
123.4 or 
123.6 or 
124.8 
122.7 or 
123.0 or 
124.7 
122.9 or 
123.8 or 
124.7 
123.3 or 
124.7 
187.5 
187.8 
187.9 
148.8 
148.0 
148.5 
148.4 
153.4 or 
154.2 or 
158.8 
151.8 or 
152.1 or 
156.5 
151.9 or 
152.5 or 
156.9 
121.3 or 
134.3 
122.2 or 
135.0 
122.1 or 
135.0 
35.4 
or 
35.8 
35.3 
or 
35.7 
35.3 
or 
35.7 
35.4 
or 
35.8 
35.3 
or 
35.7 
35.3 
or 
35.7 
29.4 
29.4 
29.5 
Table 3.5. (continued) 13C NMR data for complexes 1 -7.a 
Compound Chemical shift in ppm 
CH2 Ci Co Cm CD C5H5 
3 50.3 (m) 134.5 (m, partially obscured by Co) 133.3, 133.6 129.0, 129.3 127.5 - 
4 50.2 (m) 134.3 (m, partially obscured by Co) 133.2, 133.6 129.2, 129.4 127.6 - 
5 138.7 (m) 133.8 (t, 5 Hz) 127.2 (t, 5 Hz) 128.4 85.3 
6 138.5 (m) 133.7 (t, 5 Hz) 127.3 (t, 5 Hz) 128.6 85.6 
7 134.2 (d, 14 Hz) 129.2 (d, 6 Hz) 131.6 - 
° Referenced to CDC13 (77.0 ppm). 
The 13C NMR spectra of complexes 3 and 5 (Table 3.5.) have signals assigned to the C2 
carbon of the acetylide ligand at similar chemical shifts, with the shifts of the atoms further 
from the metal (C9 to C16) similar to those of the free ligand. The effect of ligation is 
reflected most in the chemical shifts of atoms C2 and C3, all substantially downfield of the 
equivalent carbon of the free ligand. The 13C NMR spectra of the ruthenium complexes 4 
and 6 also contain a resonance for the C2 carbon of the acetylide ligand at similar chemical 
shifts; resonances for atoms C9 to C12 are found at very similar chemical shifts to those of 
the free ligand. The chemical shifts of atoms C2 and C3 in 4 and 6 are substantially 
downfield of the equivalent carbons in the free ligand. Signals corresponding to C1 were 
not detected. The signals assigned to the phosphine ligand carbon atoms resonate with 
similar chemical shifts when comparing the pairs of complexes 3 and 5, and 4 and 6. There 
are two sets of Ci, Co and Cm signals associated with the dppm ligand (complexes 3 and 4) 
but one signal for each of these carbon atoms for the triphenylphosphine ligand 
(complexes 5 and 6). This difference arises because there are two inequivalent sets of 
phenyl groups in the dppm- containing acetylide complexes. Figure 3.7. shows how four of 
the phenyl groups are in the vicinity of the chloro ligand while the other four are closer to 
the acetylide ligand. It has been shown previously26 that, in symmetrical bis -acetylide 
complexes of the type trans- [Ru(C. CR)2(dppm)2], a single set of signals is observed for 
each of Ci, Co and Cm. 
Ph 
PhPh P. i\ Ph 
CI Ru C-CR 
PhiVv PIP 
Figure 3.7. trans- [Ru(C=CR)Cl(dppm)2] showing 
inequivalent phenyl groups. 
The resonances corresponding to the acetylide ligand of the gold complex 7 occur at 
chemical shifts more similar to those of the free ligand than do those of the ruthenium 
analogues. The signals assigned to the carbon atoms associated with the phosphine ligand 
are unexceptional. 
185 
The 31P NMR spectra of the ruthenium complexes were unremarkable, with similar shifts 
observed for complexes with a given phosphine ligand ( -6.1, -6.3 for 3 and 4, 50.7 for 5 
and 6, respectively). 
Table 3.6. IRa and UV -visb data for complexes 1 -7. 
Compound v(C =C) (cm-1) umax. cm-1(E, M-1 curt) 
1 22 300 (4700) 34 900 (28 000) 39 400 (15 000) 
2 21 700 (860) 28 00 (27 200) 
3 2067 15 500 (8020) 31 300 (s, 18 100) 36 600 (29 600) 37 300 (29 400) 
4 2061 17 100 (27 200) 27 300 (14 100) 37 400 (41 000) 
5 2061 16 000 (15 500) 31 500 (29 800) 41 800 (34 400) 
6 2054 17 700 (28 600) 28 800 (17 300) 34 400 (16 800) 39 900 (24 500) 
7 2113 25 100 (32 800) 34 700, (14 600) 37 300 (17 400) 41500 (32 000) 
a In dichloromethane. b In tetrahydrofuran. 
Table 3.6. contains selected IR and UV -vis data for 1 -7. The IR spectra of the ruthenium 
complexes shows some trends upon ligand variation. There is a decrease in the CC 
stretching frequency of about 6 cm-1 upon progressing from the indoaniline acetylide 
complexes (3 and 5) to the N =N linked acetylide complexes (4 and 6), suggesting that the 
nitro group of the azo- linked ligand may be a more effective electron withdrawing group 
than the oxygen of the indoaniline ligand. There is also a decrease in the C =C stretching 
frequency of about 6 cm-1 upon progressing from the dppm- containing complexes (3 and 
4) to the triphenylphosphine -containing complexes (5 and 6). The C =C stretching 
frequency of the gold complex 7 is found at much higher energy. 
Trends are also seen in the UV -vis spectra. An examination of the MLCT transition, seen at 
15 500 to 17 700 cm-1 in the spectra of ruthenium complexes, reveals an increase of about 
1600 cm-1 and a two to three -fold increase in the molar absorptivity upon proceeding from 
the indoaniline complexes to the azo- containing complexes. Spectra for the dppm- 
containing complexes have the MLCT band at energies - 500 cm -1 lower than those of their 
triphenylphosphine -containing analogues. The spectrum of the gold complex has the 
MLCT band at much higher energy (25 500 cm-1) 
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3.4. X -ray structural study of trans - 
[Ru((E) -4,4 -C CC6H4N= NC6H4NO2)Cl(dppm)2J 
A single crystal X -ray diffraction study of trans-[Ru((E)-4,4'-CCC6H4N=NC6H4NO2)C1- 
(dppm)2] has been performed by collaborators at the Australian National University. 
ORTEP plots are displayed in Figures 3.8. and 3.9., and selected bond lengths and angles 
are gathered in Table 3.7. A comparison of selected bond lengths and angles with those of 
related complexes appears in Table 3.8. and crystal data are collected in Table 3.9. 
Ì= 
Ii \. 
C9 
C10 
C12 
C11 
02 
N3 
01 
Figure 3.8. Molecular geometry and atomic labelling scheme for trans-[Ru((E)-4,4'- 
C =CC6H4N= NC6H4NO2)CI(dppm)2]. 30 % thermal ellipsoids are shown for the non - 
hydrogen atoms; hydrogen atoms are placed in calculated positions with arbitrary bond 
lengths of 0.95 A. 
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4 
Figure 3.9. Cell packing diagram for 
trans-[ Ru(( E)- 4, 4'- C=CC61-14N= NC6H4NO2)CI(dppm)2] viewed down the a axis. 
188 
Table 3.7. Selected bond distances (À) and angles (deg) for 
trans- [ Ru(( E)- 4, 4'- C CC6H4N= NC6H4NO2)C1(dppm)2] 
. 
Ru - Cl 
Ru - P(2) 
Ru - P(4) 
2.510(2) 
2.352(2) 
2.353(2) 
Ru - P(1) 
Ru - P(3) 
Ru - CO) 
2.319(2) 
2.348(2) 
1.977(8) 
P(1) - C(15) 1.859(8) P(2) - C(15) 1.833(9) 
PO) - C(16) 1.831(8) P(4) - C(16) 1.842(7) 
N(1) - N(2) 1.26(1) N(1) - C(6) 1.42(1) 
N(2) - C(9) 1.46(1) N(3) - C(12) 1.48(1) 
C(1) - C(2) 1.22(1) C(2) - CO) 1.42(1) 
CO) - C(4) 1.41(1) CO) - C(8) 1.39(1) 
C(4) - C(5) 1.39(1) C(5) - C(6) 1.37(1) 
C(6) - C(7) 1.39(1) C(7) - C(8) 1.38(1) 
C(9) - C(10) 1.35(1) C(9) - C(14) 1.34(1) 
COO) - C(11) 1.38(1) C(11) - C(12) 1.32(1) 
C(12) - C(13) 1.35(2) C(13) - C(14) 1.40(1) 
Cl - Ru - P(1) 97.06(8) Cl - Ru - P(2) 92.96(7) 
Cl - Ru - P(3) 86.66(7) Cl - Ru - P(4) 84.31(7) 
Cl - Ru - CO) 173.0(2) P(1) - Ru - P(2) 72.16(8) 
P(1) - Ru - P(3) 105.24(8) P(1) - Ru - P(4) 176.36(8) 
P(1) - Ru - CO) 88.8(2) P(2) - Ru - P(3) 177.32(8) 
P(2) - Ru - P(4) 111.19(8) P(2) - Ru - CO) 85.2(2) 
P(3) - Ru - P(4) 71.42(8) P(3) - Ru - CO) 95.5(2) 
P(4) - Ru - CO) 90.1(2) Ru - P(1) - C(15) 95.9(3) 
Ru - P(2) - C(15) 95.5(3) Ru - P(3) 
- 
C(16) 93.9(2) 
Ru - P(4) - C(16) 93.4(3) N(2) - N(1) - C(6) 113.4(9) 
N(1) - N(2) - C(9) 111.6(9) 0(1) - N(3) - 0(2) 125(1) 
Ru - CO) - CO) 175.0(7) CO) - C(2) - CO) 180(1) 
C(2) - CO) - C(8) 121.0(8) C(2) - CO) - C(4) 120.2(8) 
CO) - C(4) - C(5) 118.8(9) C(4) - CO) - C(8) 118.8(8) 
N(1)- C(6) - C(5) 115.1(9) C(4) - C(5) - C(6) 121.4(9) 
C(5) - C(6) - C(7) 119.9(8) N(1) - C(6) - C(7) 125.0(9) 
CO) - C(8) - CO) 121.6(8) C(6) - C(7) - C(8) 119.5(9) 
N(2) - C(9) - C(14) 116(1) N(2) - C(9) - C(10) 124(1) 
C(9) - C(10) - C(11) 119(1) COO) - C(9) - C(14) 120(1) 
C(11) - C(12) - C(13) 122(1) C(10) - C(11) - C(12) 121(1) 
C(9) - C(14) - C(13) 121(1) C(12)- C(13) - C(14) 117(1) 
P(3) - C(16) - P(4) 96.7(4) P(1) - C(15) - P(2) 96.3(4) 
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Table 3.8. Comparison of selected bond distances (A) and angles (deg) for 
trans-[Ru((E)-4,4'-C_=CC6H4N=NC6H4NO2)C1(dppm)2] (4) and related complexes. 
4 a b c 
Ru - Cl 2.510(2) 2.483(2) 2.499(1) - 
Ru - P(1) 2.319(2) 2.379(2) 2.350(1) - 
Ru - P(2) 2.352(2) 2.358(2) 2.361(1) - 
Ru - P(3) 2.348(2) 2.332(2) 2.330(1) - 
Ru - P(4) 2.353(2) 2.332(2) 2.3581) - 
Ru - C(1) 1.977(8) 1.998(7) 1.994(4) 2.008(6) 
C(1) - C(2) 1.22(1) 1.190(8) 1.198(6) 1.199(7) 
C(2) - C(3) 1.42(1) 1.428(8) 1.439(7) 1.438(8) 
N(1) - N(2) 1.26(1) 
CH=CH 1.302(8) 
Cl - Ru - C(1) 173.0(2) 177.7(2) 175.2(1) - 
Ru - C(1) - C(2) 175.0(7) 176.8(5) 177.9(4) 174.2(6) 
C(1) - C(2) - C(3) 180(1) 168.4(7) 179.1(5) 177.6(7) 
C(6) - CH=CH 129.1(7) 
CH=CHC(9) 129.1(8) 
C(6) - N(1) - N(2) 113.4(9) 
N(1)- N (2) - C(9) 111.6(9) 
° trans- [Ru(4-C=CC6H4NO2)Cl(dppm)2] 27 b trans-[Ru(4,4'-CaCC6H4C6H4NO2)-Cl(dppm)2]?8 
G [Ru((E)-4,4'-C=CC6H4CH=CHC6H4NO2)(PPh3)2015-05H5)].13 
The structural study confirms the octahedral geometry at ruthenium and trans -disposed 
chloride and acetylide ligands, and shows the E stereochemistry about the azo- linkage. The 
molecular ORTEP diagram (Figure 3.8.) shows the two inequivalent sets of phenyl groups 
associated with the phosphine ligand as discussed in Section 3.3.4. Important bond lengths 
about the metal centre are similar to those of the related, structurally characterized donor - 
acceptor complexes trans- [Ru(4- C CC6H4NO2)Cl(dppm)2]27 and trans- [Ru(4,4'- 
C=CC6H4C6H4NO2)Cl(dppm)2]28 (see Table 3.8.). The Cl- Ru -C(1) and Ru- C(1) -C(2) 
angles deviate slightly from the idealized 180 °, presumably a result of packing effects. 
Distances and angles within the diphosphine ligands are unexceptional. A comparison of 
bond angles C(6) -X -X and X- X -C(9) (X = CH, N) between the trans -CH =CH linked ligand 
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and the N =N linked ligand shows that the azo linkage subtends more acute bond angles 
than does the trans -CH =CH linkage. The two phenylene units of the acetylide ligand are 
not co- planar, with the angle between the two planes being 16.9 degrees. The rotation from 
co- planarity of adjacent phenyl groups in trans-{12u(4,4'- C =CC6H4C6H4NO2)Cl(dppm)2] 
has been reported to have an effect on computationally - derived molecular NLO activity.28 
The centrosymmetric space group suggests that no bulk NLO response would be observed; 
the molecules have packed with dipoles aligned antiparallel in pairs, as discussed in Section 
1.4.1. 
Table 3.9. Experimental parameters for the X -ray diffraction studies of 
trans- [ Ru ((E)4,4'- C=- CC6H4N= NC6H4NO2)Cl (dppm)2]. 
formula C64H52C1N3O2P4RuCH2C12 Z 4 
formula weight 1240.48 radiation (X., A) Cu Ka (X = 1.544178) 
space group P211n ( #14) T, K 296 
a, A 10.242(4) abs. coeff.(Ka), cm-1 47.30 
b, A 32.063(6) crystal size, mm3 0.40 x 0.10 x 0.05 
c, A 18.310(4) 26,r x, deg 120.1 
ß, deg 95.24(2) N 9692 
V, Á3 5987(3) No 9120 
Dcalc g cm -3 1.38 R 0.054 
F000 2544.00 Rw 0.059 
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3.5. Nonlinear optical investigations 
3.5.1. Results of nonlinear optical measurements 
Measurements of the second -order optical nonlinearities of the new metal acetylide 
complexes and the terminal alkyne ligands were performed at 1064 nm using the hyper - 
Rayleigh scattering technique by collaborators at the University of Leuven, Belgium. The 
data are presented in Table 3.10. Figures 3.10. and 3.11. show a comparison of the data for 
the ruthenium complexes with previously reported values for related ruthenium complexes, 
and Figure 3.12. shows a comparison of the data for the new gold complex with previously 
reported values for related gold complexes. 
Table 3.10. Experimental quadratic nonlinear optical responses 
measured by HRS at 1064 nm. 
Compound 13 (,max' cm-1 (a, A4-1 cm 1)) / Xmas (nm) ß0a 
(10 -30 esu) (100 esu) 
b 22 300 (4700) / 448 - 
2 59 28 400 (27 200) / 381 29 
3 417 15 500 (8020) / 645 124 
5 658 16000(15500)/622 159 
4 1649 17 100 (27 200) / 583 232 
6 1627 17 700 (28 600) / 565 149 
7 180 25 100 (32 800) / 399 68 
a Static first hyperpolarizabilities calculated from the experimental values using the two -level 
approximation with (30= ß[1- (27mß/1064)2][1 -(Xmax/1064)2]; damping factors not included. 
b Too low to measure. 
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Figure 3.10. Experimental first hyperpolarizabilities (Í3HRs) of the new ruthenium 
complexes and some previously reported complexes.15 All measurement were made at 
1064 nm using the same HRS apparatus. Range of error is ± 10 %. 
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Figure 3.11. Static first hyperpolarizabilities (130) of the new ruthenium complexes and 
some previously reported complexes15 calculated from the experimental values using the 
two -level model with !3 = ß[1- (2Xmax /1064)2][1 -(Xmax /1064)2]; damping factors not 
included. Range of error is ± 10 %. 
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Figure 3.12. Experimental and static first hyperpolarizabilities for the new gold complex 
and some previously reported complexes.25 Static values are calculated from the 
experimental values using the two -level model with (30 = ß[l-(2?max/1064)21[1- 
(2max /1064)2]; damping factors not included. All measurements were made using the same 
HRS apparatus. Range of error is ± 10 %. 
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3.5.2. Discussion 
The experimental data for the ruthenium complexes shown in Table 3.10. are resonance 
enhanced. Figure 3.13. shows the proximity of the absorption bands to the second - 
harmonic frequency for complexes 3 and 4. Static first hyperpolarizabilities have been 
calculated using the two -level approximation although its utility is questionable (see 
discussion in Section 2.7.). Importantly, the same experimental apparatus was used to 
measure the optical nonlinearities of both the new complexes and the previously reported 
analogues, enabling a confident comparison between results. 
1.2 - 
1.0 - 
0.8- 
0.6 - 
0 . 4 - 
0.2 - 
0.0 
_ 3 
4 
10 20 30 40x10 3 
Wavenumber (cm 1) 
Figure 3.13. UV -vis spectra for 3 and 4. The vertical dotted line 
indicates the second -harmonic frequency. 
The experimental data for the ruthenium complexes shown in Figure 3.10. reveal 
conflicting trends for varying the ligands at the two different ligated ruthenium centres. The 
trend in 13 for the complexes of the type trans- [Ru(4- C CC6H4R)C1(dppm)2] is (in terms of 
R): (E)- 4'- CH= CHC6H4NO2 = (E)- 4'- N= NC6H4NO2 > 4'- C6H4NO2 = 4'- C =CC6H4NO2 = 
NO2 > N= CCH= CButC(0)CBut =CH > H. The trend in f3 values for complexes of the type 
[ Ru (4- C=CC6H4R)(PPh3)2(r)5- C5H5)] is (in terms of R): (E)- 4'- CH= CHC6H4NO2 = (E)- 
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4'- N= NC6H4NO2 > 4'- C= CC6H4NO2 4'- N= CHC6H4NO2 > N= CCH= CButC(0)CBut =CH 
4'- C6H4NO2 NO2 > H (with N= CCH= CButC(0)CBut =CH > NO2). For both groups of 
acetylide complexes, the (3 values for the N =N linked and the trans -CH =CH linked 
complexes are comparable and significantly larger than those of the other acetylide 
complexes. 
The 130 values reflect the trend found in the experimental data for the complexes containing 
the dppm ligand, with the exception of the indoaniline complex 3. The (30 values of the 
triphenylphosphine -containing complexes show a different trend to those of the 
experimental data, with the ordering being (in terms of R): (E)- 4'- CH= CHC6H4NO2 = 4'- r 
C CC6H4NO2 > N= CCH= C(But)C(0)C(But) =CH (E)- 4'- N= NC6H4NO2 _ 4'- C6H4NO2 > 
NO2 4'- N= CHC6H4NO2 > H. The 130 value of the N =N linked complex 6 is reduced 
considerably compared to the experimental value due to strong absorption close to the 
second harmonic (max only 1100 cm-1 from 2w). There is no clear trend with either (3HRS 
or Gao data for the effect of variation in metal centre on quadratic NLO response. 
The relatively low 13 values recorded for the indoaniline complexes 3 and 5 may be due to 
the presence of the tert -butyl groups on the quinone ring. These relatively electron rich 
groups may be expected to reduce the electron acceptor properties of the quinone ring, 
consistent with the results of Marder et aí19 who found that 13 was significantly reduced on 
proceeding from 4- Me2NC6H4N= CCH= CHC(0)CH =CH (190 x 10-30 esu, measured by 
EFISH) to the di- tert -butylated compound 4- Me2NC6H4N = CCH= CButC(0)CBut =CH (78 x 
10 -30 esu, measured by EFISH). In the current work, synthetic considerations have so far 
required the inclusion of these groups. If a similar ligand could be prepared without these 
substituents, then much larger nonlinearities would be expected. Nevertheless, all of the new 
ruthenium acetylide complexes have much larger ß values than their organic analogues. 
The experimental data for the gold acetylide complexes (see Figure 3.12.) show a clear 
trend in (3HRS upon alkynyl ligand variation: (E)- 4'- N= NC6H4NO2 > (E) -4'- 
CH=CHC6H4NO2 > 4'- N= CHC6H4NO2 > 4'- CaCC6H4NO2 > 4'- C6H4NO2 > NO2 > H, an 
ordering also clearly reflected in the 130 data. These complexes have low absorption at the 
second -harmonic wavelength (see Figure 3.14. for the UV -vis spectrum of 7) so resonance 
enhancement of ß should be far less significant than for the ruthenium analogues, providing 
a clearer indication of the effect of ligand variation on ß. These data provide further 
evidence that complexes bearing the N =N linked ligand have 13 values as large if not larger 
than complexes containing the trans -CH =CH linkage. A comparison of the 13 values of the 
gold complexes with those of the organic compounds reported by van Walree16 (see Table 
3.2.) suggests that the (triphenylphosphine)gold moiety acts as an electron donor of 
comparable efficiency to the NMe2 group. 
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Figure 3.14. UV -vis spectrum of 7. The vertical dotted line 
indicates the second -harmonic frequency. 
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3.6. Conclusions 
Synthetic routes into the terminal alkynes 4- HC CC6H4N= CCH= CButC(0)CBut =CH and 
(E)- 4,4' -HC CC6H4N= NC6H4NO2 have been developed, allowing the preparation of new 
transition metal acetylide complexes. An X -ray structural study of 4 confirms the E 
stereochemistry of the azo- linkage. NLO measurements performed using the HRS 
technique show that the new ruthenium complexes bearing the azo -linked alkynyl ligand 
have large second -order molecular nonlinearities, comparable in magnitude to the 
previously reported complexes bearing the trans ene- linked ligand. The optical 
nonlinearities of the indoaniline complexes are lower, probably due to the tert -butyl groups 
on the quinone ring reducing its acceptor strength. While measurements made on the 
ruthenium complexes were resonance enhanced, the gold complex 7 had little absorption at 
532 nm and a better comparison of the effect of ligand variation could be made. The azo - 
linked ligand is as good if not better than the trans CH =CH linked alkynyl ligand for the 
construction of alkynyl complexes with large quadratic optical nonlinearities. The gold data 
suggest that the (triphenylphosphine)gold centre is a donor of comparable strength to the 
dimethylamino group. Trends in the NLO merit for bridge modification of the alkynyl 
ligand in the new complexes are in accordance with similar variation in organic molecules 
by van Walree et al.16 
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3.7. Experimental 
3.7.1. General Conditions, Reagents and Instruments 
General Conditions 
All reactions were performed under a nitrogen atmosphere with the use of Schlenk 
techniques unless otherwise stated. Dichloromethane was dried by distilling over calcium 
hydride, methanol was dried by distilling over magnesium / iodine, tetrahydrofuran was 
dried by distilling over sodium / benzophenone; other solvents were used as received. "Pet. 
spirit" refers to a fraction of petroleum ether of boiling range 60 -80 °C. Chromatography 
was on silica gel (230 -400 mesh ASTM) or ungraded basic alumina. 
Reagents 
The following were prepared by literature procedures: [RuCl(PPh3)2(15- C5H5)],29 cis 
[RuC12(dppm)21,30 [AuCI(PPh3)].31 Sodium methoxide solutions were prepared by 
dissolving sodium in dry methanol. Dichlorobis(triphenylphosphine )palladium(II) was 
prepared by stirring two equivalents of triphenylphosphine with palladium(II) chloride in 
dimethylformamide at reflux for 2 h. The resulting precipitate was collected and 
recrystallized from chloroform. Sodium hexafluorophosphate (Aldrich) was recrystallized 
from acetonitrile before use. 2, 6- Di- tert -butyl -1,4- benzoquinone (Aldrich), 4- iodoaniline 
(Aldrich), boron trifluoride etherate (Aldrich), trimethylsilylacetylene (Aldrich), copper(I) 
iodide (Unilab), tetrabutylammonium fluoride (1 M solution in tetrahydrofuran) (Aldrich), 
sulfuric acid (98 %) (Univar), (E)- 4,4'- H2NC6H4N= NC6H4NO2 (Disperse Orange 3 95 %) 
(Aldrich), sodium nitrite (M & B), potassium iodide (M & B) and anhydrous magnesium 
sulfate (Aldrich) were used as received. 
Instruments 
EI (electron impact) mass spectra (both unit resolution and high resolution (HR)) were 
recorded using a VG Autospec instrument (70 eV electron energy, 8 kV accelerating 
potential) and secondary ion mass spectra were recorded using a VG ZAB 2SEQ instrument 
(30 kV Cs+ ions, current ] mA, accelerating potential 8 kV, 3- nitrobenzyl alcohol matrix) at 
the Research School of Chemistry, Australian National University; peaks are reported as mlz 
(assignment, relative intensity). Microanalyses were carried out at the Research School of 
Chemistry, Australian National University. Infrared spectra were recorded as 
dichloromethane solutions using a Perkin -Elmer System 2000 FT -IR. 1H, 13C and 31P 
NMR spectra were recorded using a Varian Gemini -300 FT NMR spectrometer and are 
referenced to residual chloroform (7.24 ppm), d- chloroform (77.0 ppm) or external 85% 
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H3PO4 (0.0 ppm), respectively. The assignments follow the numbering schemes shown in 
Figure 3.15. UV -Vis spectra of solutions in tetrahydrofuran in 1 cm cells were recorded 
using either a Cary 4 or Cary 5 spectrophotometer. 
H- C f= C2R 
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Cl Ru Ct-C2R 
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Figure 3.15. NMR numbering scheme. 
3.7.2. Synthesis of ligands containing nitrogen bridges 
4- IC6H4N= CH= CButC(0)CBut =CH 
A mixture of 2, 6- di- tert -butyl -1,4- benzoquinone (500 mg, 2.27 mmol), 4- iodoaniline 
(1400 mg, 6.39 mmol) and boron trifluoride etherate (30 1.tL, 0.16 mmol)) was stirred in 
tetrahydrofuran (30 mL) at reflux for 7 h, with a further six aliquots of boron trifluoride 
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etherate (30 µL) being added at hourly intervals. The mixture was then allowed to cool to 
room temperature and the solvent removed in vacuo. The residue was purified by silica 
column chromatography, with the product being eluted with 3:5 dichloromethane / pet. 
spirit. Yield was 800 mg (84 % based on di- tert -butylbenzoquinone). HR MS (EI) 
C20H241N0: calc. 421.0903, found 421.0906. 41 NMR: (8, 300 MHz, CDC13); 1.18 (s, 9H, 
Mea), 1.30 (s, 9H, Meb), 6.63 (d, JHH = 8 Hz, 2H, H5), 6.74 (d, JHH = 3 Hz, 1H, H10 or H14), 
7.01 (d, JHH = 3 Hz, 1H, H10 or H14), 7.69 (d, JHH = 8 Hz, 2H, H4). 
4- HCC6H4N= CCH= CButC(0)CBut =C71 (1) 
A mixture of 4- IC6H4N= CCH= CButC(0)CBut =CH (300 mg, 0.71 mmol), 
trimethylsilylacetylene (0.4 mL, 2.8 mmol), dichlorobis(triphenylphosphine )palladium(II) 
(5 mg, 0.007 mmol) and copper(I) iodide (5 mg, 0.03 mmol) was stirred in triethylamine 
(10 mL, de- oxygenated) for 1 h. The solvent was removed in vacuo and the residue was 
dissolved in dichloromethane and passed through a plug of silica. The volume was reduced 
to -20 mL and a solution of tetrabutylammonium fluoride (1 mL, 1 M solution in 
tetrahydrofuran) was added with stirring. After 5 min the solvent was removed and the 
residue purified by silica column chromatography. Yield was 85 mg (37 %). EI MS: 319 
([M] +, 100), 304 ([M - Me] +, 25). Anal. Calcd for C22H25N0: C 82.72, H 7.89, N 4.38 %. 
Found: C 82.48, H 7.79, N 3.89 %. UV -vis 6/max, cm-1 (e, M-1 cm-1)): 22 300 (4700), 34 
900 (28 000), 39 400 (15 000). IR (cm-1): 1633 v(C =O). 1H NMR: (S, 300 MHz, CDC13); 
1.17 (s, 9H, Mea), 1.31 (s, 9H, Meb), 3.10 (s, 1H, HCC), 6.72 (d, JHH = 3 Hz, 1H, Hip or 
H14), 6.82 (d, JHH = 8 Hz, 2H, H4), 7.00 (d, JHH = 3 Hz, 1H, H10 or H14), 7.50 (d, JHH = 8 
Hz, 2H, H5).13C NMR: (S, 75 MHz, CDC13); 29.4 (Mea and Meb), 35.4 (C16), 35.8 (C15), 
77.5 (C1), 83.4 (C2), 118.9 (C3), 120.8 (C5), 121.3 (C10 or C14), 132.8 (C4), 134.3 (C1)) or 
C14), 150.0 (C6), 153.4 (C9 or C11 or C13), 154.2 (C9 or C11 or C13), 158.8 (C11 or C13), 
187.5 (C12). 
(E)-4,4 '-IC6H4N=NC6H4NO2 
No attempt to exclude air was made during this procedure. Concentrated sulfuric acid (2 
mL) was added to water (250 mL) in a 500 mL round -bottomed flask. (E) -4,4'- 
H2NC= CC6H4N= NC6H4NO2 (2.0 g, 8.3 mmol) was added and the mixture stirred until a 
fine suspension was formed (- 10 min). Sodium nitrite (800 mg, 11.6 mmol) was added 
and the mixture stirred at room temperature for 1 h. The mixture was filtered through a 
plug of Celite and an aqueous solution of potassium iodide (2.5 g, 15 mmol, in 50 mL of 
water) was added to the filtrate with stirring, whereupon a precipitate formed. The mixture 
was extracted with dichloromethane, the organic phase separated and dried with magnesium 
sulfate, and the solvent removed on a rotary evaporator. The residue was then purified by 
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column chromatography on silica. Yield was 1.02 g (37 %) of an orange / brown powder. 
HR MS (EI) C12H8IN3O2: cale. 352.9661, found 352.9665. UV -vis (vmax, em-1 (' 
M-1 cm -1)): 21 400 (1500), 28 300 (28 300). IR (cm-1): 1527 vas(N =0), 1347 vs(N =0). 
1H NMR: (S, 300 MHz, CDC13); 7.68 (d, JHH = 9 Hz, 2H, H4), 7.90 (d, JHH = 9 Hz, 2H, H5), 
8.02 (d, JHH = 9 Hz, 2H, H10), 8.37 (d, JHH = 9 Hz, 2H, H11). 
(E)-4,4'-HCC6H4N=NC6H4NO2 (2) 
(E)- 4,4'- IC6H4N= NC6H4NO2 (250 mg, 0.71 mmol) and trimethylsilylacetylene (0.4 mL, 
2.8 mmol) were dissolved in tetrahydrofuran (5 mL) with stirring. Triethylamine (2 mL) 
was added followed by dichlorobis(triphenylphosphine )palladium(II) (50 mg, 0.071 mmol) 
and copper (I) iodide (20 mg, 0.11 mmol), and the resultant mixture was stirred for 1 h. 
The mixture was then passed through a silica plug eluting with dichloromethane. The 
volume was reduced to -40 mL on a rotary evaporator and a solution of 
tetrabutylammonium fluoride (1 mL, 1 M solution in tetrahydrofuran) was added without 
the exclusion of air. The mixture was stirred for 5 min. and then the solvent was removed 
on a rotary evaporator. The residue was purified by column chromatography on silica 
eluting with 1:1 dichloromethane / pet. spirit. Yield was 89 mg (45 %) of an orange powder. 
EI MS: 251 ([M] +, 45), 150 ([N2C6H4NO2] +, 5), 129 ([HC =CC6H4Nz1 +, 35), 101 
([HC =CC6H4] +, 100). Anal. Calcd for C14H9N3O2: C 66.93, H 3.61, N 16.73 %. Found: C 
66.03, H 3.48, N 16.04 %. UV -vis (max, cm-1 (s, M-1 cm-1)): 21 700 (860), 28 400 (27 
200). IR (cm-1): 1527 vas(N =0), 1346 vs(N =0). 1H NMR: (S, 300 MHz, CDC13); 3.27 (s, 
1H, HC-----C), 7.65 (d, 2H, JHH = 9 Hz, H4), 7. 92 (d, 2H, Jgg = 9 Hz, H5), 8.02 (d, 2H, JHH 
= 
9 Hz, H10), 8.38 (d, 2H, JHH = 9 Hz, H11). 13C NMR: (S, 75 MHz, CDCI3); 80.4 (C1), 83.0 
(C2), 123.4, 123.6, 124.8 (C5, C10, C11), 126.2 (C3), 133.1 (C4), 148.8 (C12), 151.8 (C6), 
155.5 (C9). 
3.7.3. Metal Acetylide Complexes 
trans-(Ru(4-CC6H4N=CCH=CButC(0)CBut=CH)Cl(dppm)2] (3) 
cis- [RuC12(dppm)2] (140 mg, 0.16 mmol), 1 (75 mg, 0.24 mmol) and sodium 
hexafluorophosphate (55 mg, 0.33 mmol) were stirred in dichloromethane (5 mL) for 5 h 
at room temperature. Triethylamine (1 mL) was added with stirring and after 1 min the 
solvent was removed in vacuo. The residue was absorbed onto basic alumina and placed 
atop an alumina column. Elution with 1:3 dichloromethane / pet. spirit removed any excess 
acetylene. The product was eluted with 4:1 dichloromethane / pet. spirit. Evaporation of the 
solvent on a rotary evaporator yielded 123 mg (65 %) of a deep blue powder. FAB MS: 
1223 ([M] +, 50), 1188 ([M - Cl] +, 15), 905 ([RuCl(dppm)2] +, 20), 869 ([Ru(dppm)2] +, 
100). Anal. Calcd for C72H68C1NOP4Ru: C 70.67, H 5.60, N 1.14 %. Found: C 70.30, H 
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5.93, N 0.92 %. UV -vis (max, cm-1 (e, M-1 cm -1)): 15 500 (8020), 31 300 (sh, 18 100), 36 
600 (29 600), 37 300 (29 400): IR (cm1): 2067 v(C =C). 1H NMR: (6, 300 MHz, CDC13); 
1.27 (s, 9H, Mea or Meb), 1.31 (s, 9H, Mea or Meb), 4.91 (m, 4H, CH2), 6.04 (d, 2H, JHH = 8 
Hz, H4), 6.53 (d, 2H, JHH = 9 Hz, H5), 6.94 (d, 2H, JHH = 3 Hz, H1) or H14), 7.02 to 7.43 
(m, 41H, phenyl and H10 or H14). 31P NMR (6, 121 MHz, CDC13): -6.1 (PPh2). 13C NMR: 
(S, 75 MHz, CDC13); 29.4 (Mea and Meb), 35.3 (C15 or C16), 35.7 (C15 or C16), 50.3 (CH2), 
114.2 (C2), 122.0 (C5), 122.2 (Ci0 or C14), 127.5 (Cr), 128.5 (C3), 129.0, 129.3 (Cm), 
130.5 (C4), 133.3, 133.6 (C0), 134.5 (m, partially obscured by Co, C1), 135.0 (C10 or C14), 
144.5 (C6), 151.8, 152.1 (C9, C11 or C13), 156.5 (C11 or C13), 187.8 (C12). 
trans- [Ru((E)- 4,4' -C =CC6H4N= NC6H4NO2)C1(dppm)2] (4) 
cis- [RuC12(dppm)2] (90 mg, 0.096 mmol), 2 (30 mg, 0.12 mmol) and sodium 
hexafluorophosphate (40 mg, 0.24 mmol) were stirred in dichloromethane (10 mL) for 4 h 
at room temperature. A solution of sodium methoxide (1 mL, 0.3 M solution in methanol) 
was added with stirring. The mixture was passed through a plug of alumina eluting with 
dichloromethane, and the solvent was then removed on a rotary evaporator. The residue was 
recrystallized from dichloromethane / methanol to yield 75 mg (62 %) of dark purple 
microcrystals. A crystal suitable for X -ray diffraction studies was grown by the slow 
diffusion of methanol into a dichloromethane solution. FAB MS: 1155 ([M] +, 40), 869 
([Ru(dppm)2] +, 20). Anal. Calcd for C64H52C1N3O2P4Ru: C 66.52, H 4.54, N 3.64 %. 
Found: C 66.60, H 4.24, N 3.72 %. UV -vis (max' cm -1 (e, M-1 cm-1)): 17 100 (27 200), 27 
300 (14 000), 37 400 (41 000). IR (CH2C12): v(C =C) 2061 cm1. 1H NMR: (8, 300 MHz, 
CDC13); 4.93 (m, 4H, CH2), 6.06 (d, 2H, JHH = 9 Hz, H4), 7.06 to 7.42 (m, 40H, Ph), 7.53 
(d, 2H, JHH = 9 Hz, H5), 7.92 (d, 2H, JHH = 9 Hz, H10), 8.33 (d, 2H, JHH =9 Hz, H11). 31P 
NMR (6, 121 MHz, CDC13): 6.3 (PPh2). 13C NMR: (6, 75 MHz, CDC13); 50.2 (CH2), 
117.5 (C2), 122.7, 123.0, 124.7 (C5, C1), C11), 127.6 (Cr), 129.2, 129.4 (Cm), 130.7 (C4), 
133.2, 133.4 (C0), 134.3 (m, partially obscured by Co, CO 136.0 (C3), 147.6 (C6), 148.0 
(C12), 156.6 (C9). 
[Ru(4 -C= CC6H4N= CCH= CBu1C (0)CBut= CH)(PPh3)2(175- C5115)1 (5) 
[RuCI(PPh3)2(rl5- C5H5)] (90 mg, 0.12 mmol) and 1 (75 (50 mg, 0.16 mmol) were stirred 
in methanol (10 mL) at reflux for 45 min. The mixture was then cooled to room 
temperature and sodium methoxide solution (1 mL, 0.2 M solution in methanol) was added 
with stirring. The solvent was removed and the residue purified by column chromatography 
on silica. The product was then recrystallized from dichloromethane / pet. spirit affording 
40 mg (32 %) of dark blue microcrystals. FAB MS: 1009 ([M] +, 25), 746 ([M + H - 
PPh3] +, 30), 691 ([Ru(PPh3)2(115-05H5)1+, 25), 429 ([Ru(PPh3)(115-05H5)] +, 100). Anal. 
Calcd for C63H59NOP2Ru: C 74.98, H 5.89, N 1.39 %. Found: C 75.92, H 5.97, N 1.12 %. 
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UV-vis (vmax, cm-1 (a, M-1 cm-1)): 16 000 (15 500), 31 500 (29 800), 41 800 (34 400). IR 
(cm-1): 2061 v(C=C). 1HNMR: (S, 300 MHz, CDC13); 1.24 (s, 9H, Mea), 1.32 (s, 9H, Meb), 
4.32 (s, 5H, r15-05H5), 6.77 (d, 2H, Jgg = 8 Hz, H4), 7.01 to 7.48 (m, 34H, Ph). 31P NMR: 
(S, 121 MHz, CDC13); 50.7 (PPh3). 13C NMR: (8, 75 MHz, CDC13); 29.5 (Mea and Met), 
35.3 (C15 or C16), 35.7 (C15 or C16), 85.3 (115-05H5), 115.6 (C2), 122.1 (C10 or C14), 
122.5 (C5), 127.2 (t, JCp = 5 Hz, Cm), 128.4 (Cr), 129.1 (C3), 131.0 (C4), 133.8 (t, JCp = 5 
Hz, Co), 135.0 (C10 or C14), 138.7 (m, Ce), 145.2 (C6), 151.9 (C9 or C11 or C13)), 152.5 
(C9 or C11 or C13)), 156.9 (C11 or C13), 187.9 (C12) 
[Ruff E)- 4,4' -C= CC6H4N= NC6H4NO2)(PPh3)z(115- C5H5)1(6) 
[RuCI(PPh3)2(115- C5H5)] (170 mg, 0.23 mmol) and 2 (70 mg, 0.28 mmol) were stirred in 
methanol (10 mL) at reflux for 30 min. The mixture was then cooled to room temperature 
and sodium methoxide solution (2 mL, 0.2 M solution in methanol) was added with stirring. 
The solvent was removed and the residue passed through a silica column eluting first with 
3:5 dichloromethane / pet. spirit to remove excess acetylene, and then with 1:20 acetone / 
dichloromethane. The solvent was removed from the second fraction and the residue 
purified by thin -layer chromatography to yield 112 mg (51 %) of dark purple 
microcrystals. FAB MS: 941 ([M] +, 55), 691 ([Ru(PPh3)2(115- C5H5)] +, 40), 429 
([Ru(PPh3)(115- CsH5)] +, 70). Anal. Calcd for C55H43N3O2P2Ru: C 70.20, H 4.61, N 4.47 
%. Found: C 69.37, H 4.60, N 4.62 %. UV -vis (max' cm-1 (a, M-1 cm-1)): 17 700 (28 600), 
28 800 (17 300), 34 400 (16 800), 39 900 (24 500). IR (curl): 2054 v(C =C), 1342 
vs(N =O). 1H NMR: (S, 300 MHz, CDC13); 4.36 (s, 5H, 115- C5H5), 7.07 to 7.47 (m, 32H, 
Ph), 7.80 (d, 2H, Jgg = 8 Hz, H5), 7.96 (d, 2H, Jgg = 9 Hz, H10), 8.34 (d, 2H, Jgg = 9 Hz, 
Ha). 31P NMR: (S, 121 MHz, CDC13); 50.7 (PPh3). 13C NMR: (S, 75 MHz, CDC13); 85.6 
(115- C5H5), 118.7 (C2), 122.9 (C5 or C10 or C11), 123.8 (C5 or C10 or C11), 124.7 (C5 or 
C10 or C11), 127.3 (t, JCp = 5 Hz, Cm), 128.6 (Cr), 131.2 (C4), 133.7 (t, Jcp = 5 Hz, Co), 
135.7 (C3), 138.5 (m, C), 147.7 (C6), 148.5 (C12), 156.5 (C9). 
[Au((E)-4,4'-C=CC6H4N=NC6H4NO2)(PPh3)] (7) 
[AuC1(PPh3)] (167 mg, 0.34 mmol), 2 (85 mg, 0.34 mmol) and sodium methoxide solution 
(1 mL, 0.5 M solution in methanol) were stirred in dichloromethane (5 mL) for 18 h. 
Methanol (10 mL) was then added and the volume reduced to -- 10 mL whereupon the 
product precipitated. After filtration in air and washing with methanol (2 x 5 mL), 170 mg 
(71 %) of orange / brown microcrystals were collected. FAB MS: ([Au(PPh3)2] +, 15), 459 
([Au(PPh3)] +, 95). Anal. Calcd for C32H23N3O2PAu: C 54.17, H 3.27, N 5.92 %. Found: C 
54.07, H 3.18, N 6.12 %. UV -vis (max' cm-1 (e, M-1 cm-1)): 25 100 (32 800), 34 700 (14 
000), 37 300 (17 400), 41 500 (32 000). IR (cm-1): 2113 v(C =C), 1345 vs(N =O). 1H 
NMR: (S, 300 MHz, CDCI3); 7.42 to 7.57 (m, 15H, Ph), 7.64 (d, 2H, JHH = 8 Hz, H4), 7.87 
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(d, 2H, JHH = 8 Hz, H5), 7.98 (d, 2H, JHH = 9 Hz, H10), 8.35 d, 2H, JHH = 9 Hz, H11). 31P 
NMR: (5, 121 MHz, CDCI3); 42.6 (PPh3). 13C NMR: (S, 75 MHz, CDC13); 123.3 (C5 or CR) 
or C11), 124.7 (C5 or C10 or C11), 129.2 (d, JCp = 6 Hz, Cr,), 131.6 (Cp), 133.2 (C4), 134.2 
(d, Jcp = 14 Hz, Co), 148.4 (C12), 150.6 (C6), 155.8 (CO. 
2.9.5. X -ray Structure Determination 
A unique diffractometer data set was obtained using the o)-20 scan technique and yielded 
9692 independent reflections, 9120 of these with I >_ 2.00a(I) being considered "observed" 
and used in full matrix least squares refinement; an analytical absorption correction was ap- 
plied. The structure was solved by direct methods (SIR92), and anisotropic thermal 
parameters were refined using full -matrix methods for the non -hydrogen atoms; (x, y, z, 
Uiso)H were included constrained at estimated values. Conventional residuals R and RW on 
IFI are given; the weighting function w = [a62(F0) + (p2/4)Fo21-1 (where a2(F0) = e.s.d. 
based on counting statistics and p = p factor determined experimentally from standard 
reflections) was employed. Computation used the teXsan package.32 Specific data 
collection, solution and refinement parameters are given in the tables in Section 3.4. 
2.9.6. Hyper- Rayleigh scattering measurements 
An injection- seeded Nd:YAG laser (Q- switched Nd:YAG Quanta Ray GCR5, 1064 nm, 8 ns 
pulses, 10 Hz) was focussed into a cylindrical cell (7 mL) containing the sample. The 
intensity of the incident beam was varied by rotation of a half -wave plate placed between 
crossed polarizers. Part of the laser pulse was sampled by a photodiode to measure the 
vertically polarized incident light intensity. The frequency doubled light was collected by 
an efficient condenser system and detected by a photomultiplier. The harmonic scattering 
and linear scattering were distinguished by appropriate filters; gated integrators were used to 
obtain intensities of the incident and harmonic scattered light. All measurements were 
performed in tetrahydrofuran using p- nitroaniline ((l = 21.4 x 10 -30 esu)33 as a reference. 
Further details of the experimental procedure have been reported in the literature.34'35 
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Chapter 4 
Branched Ruthenium Acetylide 
Complexes and Some of Their 
Nonlinear Optical Properties 
4.1. Introduction 
The traditional approach to the design of materials with enhanced molecular second -order 
optical nonlinearities has been to use molecules with extended 1t systems and significant 
molecular dipoles. This strategy was adopted in the design of the complexes presented in 
Chapters 2 and 3. Although there are many such molecules that exhibit large second -order 
optical nonlinearities, there are some disadvantages to this design approach. There is often a 
trade -off between the NLO efficiency and the optical transparency of these materials.1 The 
proclivity of dipolar molecules to adopt centrosymmetric packing in the solid state (as in 
the examples in Section 3.4. and 1.4.1. where the dipoles align anti -parallel) is also a 
problem, as centrosymmetric packing in the bulk phase precludes macroscopic second- 
order optical nonlinearities. Furthermore, the symmetry of dipolar molecules often leads to 
small off -diagonal tensor components2 of 13 (a brief description of the tensorial nature of 
hyperpolarizabilities is given in Section 1.2.1.). 
Multipolar molecules may be effective in overcoming these problems. Molecules with no 
dipoles to "anti- align" are more likely to pack in a non -centrosymmetric fashion than 
dipolar molecules. Contributions to 13 from off -diagonal tensorial components may lead to 
significant second -order nonlinearities in octopolar molecules without loss of optical 
transparency.3 Figure 4.1. shows some examples of multipolar arrangements of charges. 
Recent investigations have highlighted the potential of octopolar second -order NLO 
materials.14 -20 Although studies of organic multipolar systems have dominated the area, 
NLO measurements of the octopolar ruthenium complex shown in Figure 4.2. revealed a 
very large PHRs value of 2200 x 10-30 esu when measured at 1320 nm. A recent rep 
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ort21 
has, however, questioned whether the significant nonlinearity is attributable to octopolar or 
dipolar contributions. 
O 
Dipole 
Quadrupoles 
+ 
Octopoles 
2- 
Figure 4.1. Some examples of multipolar arrangements of charges. 
NBu2 
2+ 
Figure 4.2. Ruthenium complex of Dhenaut et alo with Í3HRS = 2200 x 10 -30 esu. 
211 
There are few reports on the cubic optical nonlinearities of multipolar materials.22.23 Greve 
et aí22 suggested that multidirectional charge- transfer transitions may induce large changes 
in electric moments higher than dipole moments. Such changes upon excitation may lead 
to enhanced third -order NLO properties. 
Materials that exhibit significant two -photon absorption (TPA) have attracted some interest 
recently (TPA is a third -order NLO process related to the imaginary component of the 
second -hyperpolarizability, yimag) A detailed description of TPA may be found in 
reference 24. Two -photon absorbing materials have been investigated for a range of 
applications, including multi -photon microscopy, optical limiting, and optical data 
storage.25 
NC 
(a) n2= 115.6 x 10 -48 cm4 s 
MeO 
MeO 
(b) n2 = 114.8 x 10-48 cm4 s 
CN 
OC12H25 \ " N 
\ CN 
C12H250 
(c) n2 = 44.0 x 10 -48 cm4 s 
Figure 4.3. Compounds of Reinhardt et aí26 (a, b) and Albota et al27 (c) 
with large TPA cross -sections. 
-O 0 =S 
O 
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Recent studies have aimed at uncovering structure / property relationships for the two - 
photon absorbing characteristics of organic compounds.26 -29 Albota et aí27 suggested that 
it- conjugated molecules with large changes in quadrupole moment upon excitation are 
worthy of examination as TPA materials. In these studies, molecules with electron rich it- 
delocalized systems of varying geometries have been shown to have large TPA cross 
sections (see Figure 4.3.). 
It is of interest, therefore, to investigate materials that incorporate all of the features 
mentioned above, i.e. compounds with multipolar symmetry and large electron -rich systems 
of it- delocalization, and exhibiting strong charge- transfer transitions. One relatively new 
type of compound that can accommodate these requirements is the dendritic molecule or 
dendrimer. 
The name 'dendrimer' (from the Greek dendros = tree and meros = part) reflects the 
branching structure of this type of molecule. Dendrimers are hyperbranched polymers, but 
unlike more traditional polymers their molecular weights are well- defined. This is a result 
of the stepwise synthetic procedure used in dendrimer preparation. They have excited 
considerable interest recently as novel materials with uses in medical diagnostics and 
possible applications in areas such as molecular recognition, catalysis and photoactive 
device engineering.30-32 Since the first report of 'cascade' -type compounds by Vögtle and 
co- workers33 in 1978, a wide variety of dendritic structures has been reported. A number of 
reviews of the field have been published,30- 32,34 -38 including reviews of metal- containing 
dendrimers.39 -42 The meta -connected phenylene -acetylene dendrimers prepared by Moore 
and co- workers43 -49 provide examples of dendritic molecules which contain large systems 
of it- delocalization (see Figure 4.4.). Transition metal- containing dendrimers have been 
reported,50 -65 some examples of which are shown in Figures 4.5. and 4.6. Balzani and co- 
workers39,58-61 have prepared dendrimers containing ruthenium and osmium metal centres 
(see Figure 4.6.(b)) that absorb visible light to give luminesence, and undergo reversible 
multielectron redox processes; these complexes have potential for applications in areas such 
as molecular electronics, solar energy conversion and information storage. While the 
current work was in progress, the preparation of dendrimers constructed from platinum - 
acetylide units (see Figure 4.5.(b)) was reported.52,62 Few second -order NLO studies on 
dendrimers have been reported66 and there have been no reports thus far on the third -order 
NLO properties of dendrimers. 
The aim of the work presented in this Chapter is to develop synthetic routes into dendrimers 
containing extensive tt- delocalized systems using electron -rich alkynylruthenium units, to 
measure both the second- and third -order optical nonlinearities, and to determine structure / 
NLO property relationships for these novel complexes. 
213 
But, 
Bu 
O 
But But But 
But But 
But-- 
O 
O 
But But 
But 
But 
Figure 4.4. First generation phenylene- acetylene dendrimer prepared by Moore et aí.67 
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Figure 4.5. (a) Platinum- containing dendrimer of Puddephatt et aí53 and 
(b) platinum poly -yne dendrimer of Takahashi et al52. 
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Figure 4.6. (a) Cobalt- containing dendrimer of Constable et aí50 and 
(b) osmium / ruthenium- containing dendrimer of Balzani et a160 
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4.2. Synthesis of branched ruthenium acetylide 
complexes 
4.2.1. Strategies for preparing dendrimers 
There are two fundamentally different dendrimer construction methods. The first is the 
divergent method (see Figure 4.7.) in which branching units are successively added to the 
core, thereby building up the dendritic molecule from the core outwards. 
Figure 4.7. Divergent strategy for dendrimer construction. 
The second approach to dendrimer construction is the convergent method in which the 
dendrimer is constructed from the periphery inwards (see Figure 4.8.). The dendritic 
branches are formed first, and in the final step, these wedge -like molecules are coupled to 
the core unit. 
Figure 4.8. Convergent strategy for dendrimer construction. 
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A disadvantage of the divergent method is that defects that may form in the end -groups by 
incomplete reaction are propagated through to subsequent generations. Physical separation 
of these defective molecules is difficult because they differ only slightly from the non - 
defective molecules. In contrast, the convergent method is more favourable for the 
separation of defective units because such molecules differ significantly from the non - 
defective units. A disadvantage of the convergent method is the limited number of 
generations possible because of steric problems when coupling large wedges to a core. 
Because low generation, non -defective dendrimers were targeted in the current work, a 
convergent approach was adopted. 
4.2.2. Synthesis of branched ruthenium acetylide complexes 
The method of Dixneuf68 has been shown (both in the current work and elsewhere)68 -76 to 
be a reliable and high- yielding method for the coupling of a terminal alkyne to cis - 
[RuC12(diphosphine)2] (diphosphine = dppm, dppe) to form alkynyl complexes trans - 
[Ru(C CR)C1(diphosphine)2]. For the case where the diphosphine is dppe, bis- acetylide 
complexes of the type trans- (Ru(C=CR1)(C CR2)(dppe)2] are also readily accessible. This 
reaction was therefore adopted for use when coupling the dendritic wedge to the core. The 
procedure described in this section is clearly not the only possible route to the target 
molecules utilizing this alkynyl complex synthesis methodology, but it was found to be 
successful and therefore deveoped. An alternative synthesis, which was found to afford the 
desired reaction intermediates with by- products that were difficult to separate, was also 
explored, and subsequently rejected; it is discussed in more depth in section 4.2.4. 
The first stage in the successful dendrimer synthesis was to prepare the organic skeleton of 
the dendrimer core. It has been reported by Whittall et aí77 that 1,3,5 -triethynylbenzene is 
too small to accommodate three trans- Ru(dppm)2 moietes around it; only two could be 
coupled. However, three Au(PPh3) units could be coordinated via ethynyl linkages to 1,3,5 - 
triethynylbenzene, showing that the problem for the ruthenium complex was indeed steric. 
By extending the arms of the triethynylbenzene core, the steric congestion should be 
relieved. The synthesis of the target organic core precursor is shown in Scheme 4.1. 
Reaction of triethynylbenzene with three equivalents of 4- Me3SiC =CC6H4I using the 
palladium- catalyzed coupling method of Sonogashira et al78 afforded the compound 8 in 
71 % yield. Removal of the protecting trimethylsilyl groups with tetrabutylammonium 
fluoride afforded the "extended- arms" 1,3,5- substituted benzene compound 9 bearing three 
terminal alkynyl groups. Importantly, this compound has a significant n- delocalized 
network. It does not, however, contain an uninterrupted tt- conjugation system, the 
conjugation being disrupted by the 1,3,5- substitution at the central benzene ring. 
Compounds 8 and 9 were characterized by mass spectrometry, IR and 1H NMR 
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spectroscopy. The IR spectra of 8 and 9 show the characteristic v(C =C) at 2156 and 2106 
cm I, respectively, and the H -C stretching band at 3296 cm -1 in the spectrum of 9. The 1H 
NMR spectra of 8 contains resonances at 0.24 ppm, assigned to the methyl protons, 7.44 
ppm, assigned to the protons of the disubstituted rings, and 7.61 ppm, assigned to the 
protons of the central, trisubstituted ring. The 1H NMR spectra of 9 is similar to that of 8 
but with a signal at 3.17 ppm, assigned to the terminal alkyne, replacing that of the methyl 
groups observed in 8. 
H 
= SiMe3 
PdC12(PPh3)2 / CuI / NEt3 
Me3Si 
[NB u4j F 
H 
9 
Scheme 4.1. Synthesis of the organic core compound. 
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The organometallic core complex was prepared by the reaction of cis- [RuC12(dppe)2], 
sodium hexafluorophosphate and 9 in dichloromethane at room temperature (see Scheme 
4.2.). The ligand dppe was chosen in favour of dppm because trials showed that bis- 
acetylide complexes were more easily formed when the former ligand was coodinated to the 
metal centre (an important requirement for subsequent steps in dendrimer preparation). The 
intermediate vinylidene complex was not isolated, but deprotonated with base in situ to 
afford the complex 10 in 68 % yield. The new acetylide complex was characterized by FAB 
mass spectrometry, satisfactory microanalysis, UV -vis and IR spectroscopy, 1H 31P and 13C 
NMR spectroscopy. A discussion of selected characterization data may be found in Section 
4.2.5. 
Ì 
Ph2P, PPh2 
[Ru] m u 
Ph2 PPh2 
1. cis- [RuCl2(dppe)2] 
NaPF6 
2. NEt3 
Cl[Ru] [RulCl 
H = 
NaPF6 / NEt3 
[Ru] 
R 
[Ru] 
lla-R=H(64%) '0 
11b-R=NO2(80%) 
Scheme 4.2. Synthesis of 10 and lla,b. 
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The reaction of 10, sodium hexafluorophosphate, triethylamine and 4- 11C= CC6H4R in 
dichloromethane (see Scheme 4.2.) afforded the complexes lla (R = H) and llb (R = 
N O 2) in 64 and 80 % yield, respectively. These new complexes with three 
bis(acetylide)ruthenium centres enable a comparison of physical data to be made with the 
targeted dendrimer complexes described below, which also have every ruthenium centre in a 
bis(acetylide) environment. Comparison of physical data of 11(a, b) with 10 provides an 
opportunity to examine the effect of extending the it- delocalization through the metal 
centre. Comparison of a complexes with b complexes enables assessment of the effect of 
including an electron acceptor group on physical properties. Complexes 11(a, b) were 
characterized by FAB mass spectrometry, satisfactory microanalyses, UV -vis and IR 
spectroscopy, 1H, 31p and 13C NMR spectroscopy. A discussion of selected characterization 
data may be found in Section 4.2.5. 
The next stage in dendrimer construction involved the preparation of the organic skeleton 
of the dendrimer wedge. These components introduce branching points into the dendrimer 
structure. The branching is introduced early in the wedge synthesis (see Scheme 4.3.) by 
preparing 1- íodo -3,5- dibromobenzene from 1,3,5 -tribromobenzene, and then utilizing the 
palladium(II)- catalyzed coupling method of Sonogashira et al.78 (for which the coupling 
of a terminal acetylene is much faster to an aryl iodide than to an aryl bromide) to form 
1- Me3SiC C- 3,5- C6H3Br2 in 93 % yield. This compound, a colourless liquid, was 
characterized by high resolution mass spectrometry, IR spectroscopy and 1H and 13C NMR 
spectroscopy. Trans -halogenation by treatment with n- butyllithium followed by the 
addition of iodine afforded 1- Me3SiC C- 3,5- C6H3I2 in 93 % yield (the reaction did not 
proceed cleanly if t- butyllithium was used in place of n- butyllithium). This compound, also 
a colourless liquid, was characterized by high resolution mass spectrometry, IR spectroscopy 
and 1H and 13C NMR spectroscopy. The strategy of using the coupling method of 
Sonogashira et aí.78 was again applied in formation of 12. Reaction of 1- (Me3SiC =C) -3,5- 
C 6H 3I2 and 4 -HC =C C 6H 4Br in triethylamine in the presence of 
dichlorobis(triphenylphosphine )palladium(II) and copper(I) iodide afforded compound 12 
in 69 % yield. Trans -halogenation of 12 by treatment with n- butyllithium followed by the 
addition of iodine afforded 13 in 82 % yield. The final step in the preparation of the 
organic dendrimer wedge skeleton was to incorporate two terminal alkyne groups into the 
structure while leaving the alkyne attached to the central ring protected. Treatment of 13 
with HC= CSiMe3 using Sonogashira coupling conditions would result in three alkyne 
groups each protected by a trimethylsilyl group. Removal of specific protecting groups 
from the molecule would presumably be difficult. Although the selective removal of 
different silyl protecting groups (e.g. SiMe3 and Sipr'3) from compounds containing 
multiple protected alkynes has been reported,79,80 a more straightforward procedure for 
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incorporating a terminal alkyne directly onto an aryl iodide has been reported recently by 
Negishi et al.81 Use of this method involves the preparation of Zn(C =CH)Br in situ from 
Mg(C=CH)Br and ZnBr2. Addition of the aryl iodide 13 and dichlorobis(triphenyl- 
phosphine)palladium(II) afforded the compound 14 in 50 % yield. Compounds 12, 13 and 
14 were characterized by high resolution mass spectrometry, UV -vis and IR spectroscopy, 
and 1H and 13C NMR spectroscopy. Characterization data for these compounds are shown 
in Tables 4.1. and 4.2. and an NMR numbering is shown in Figure 4.9. 
iMe3 
o 
0 0 
r 
12 
1. n-BuLi 
2. IZ 
iMe3 
0 0 13 
H--= SiMe3 / CuI / 
PdCl2(PPh3)2 / NEt3 
o 
Br 
(69 %) 
H--= MgBr / ZnBr2 / 
PdCl2(PPh3)2 
(82 %) 
r 
iMe3 
(93 %) 
Br 
1. n-BuLi 
2. I2 
SiMe3 
II 
(93 %) 
iMe3 
I I 
o 
0 0 
14 
Scheme 4.3. Synthesis of the organic component of the dendrimer wedge. 
(50 %) 
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The v(CC) bands at 2154 -5 cm-1 in 12 -14 may be assigned to stretching modes associated 
with the Me3SiC =C alkynyl groups by comparison with data obtained for compounds 8 and 
9. The v(C =C) band at 2109 cm-1 in the spectrum of 14 may similarly be assigned to the 
HC =C alkynyl groups with the C -H stretching band assigned to these groups observed at 
3296 cm-1. The UV -vis spectra for these compounds are similar, with strong absorption in 
the region associated with it->7t* transitions, and energies for these transitions decreasing 
upon progressing from 12 to 13 to 14. 
Table 4.1. IR and UV -vis data for 12 -14. 
Compound v(C-C) 
(cm 1) (cm-1) 
max (cm I) 
(E (M-1 cm1)) 
12 
13 
14 
2155 
2154 
2155, 2109 3296 
32 
31 
31 
200 
800 
100 
(75 
(80 
(85 
600) 
500) 
500) 
34 
33 
33 
200 
800 
200 
(72 
(80 
(86 
500) 
800) 
200) 
37 
37 
37 
400 
100 
000 
(37 
(56 
(46 
200) 
000) 
000) 
The 1H NMR spectra of 12 -14 are similar, with chemical shifts of the resonances assigned to 
the protons of the central ring and the methyl groups invariant across this series of 
compounds. The chemical shifts of the non -first -order AA'BB' protons on the para 
substituted rings are also invariant across the three compounds, but the spectral breadth of 
these resonances (in Hz) decreases on proceeding from 13 to 12 and then 14. A singlet at 
3.17 ppm in the spectrum of 14 is assigned to the protons of the terminal alkyne. The 13C 
NMR spectra for these compounds are also very similar, the only significant difference 
being the chemical shift of the signal assigned to C38. 
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o 
C25- C26 C27, 30 
C28-C29 
H28 C3ï 
C34 
C5H36 C36/\O 
C37 C38 
H37 C41 \\\ 
C42 
H42 
Figure 4.9. NMR numbering scheme for compounds 12, 13 and 14. 
Table 4.2. NMR data for 12 -14. 
Atom 1H chemical shift (ppm) 13C chemical shift (ppm) 
12 13 14 12 13 14 
Me 0.23 0.23 0.24 -0.2 -0.2 -0.2 
25 103.0 103.0 103.0 
26 96.0 96.0 96.0 
27 124.0 124.0 124.0 
28 7.57 7.56 7.57 134.5 134.5 134.6 
29 123.6 123.6 123.6 
30 7.58 7.58 7.60 134.1 134.1 134.2 
33, 34 88.7, 89.4 89.0, 89.6 89.6, 89.9 
35 121.6 122.2 122.2 
36 m, 7.41 m, 7.44 m, 7.45 131.7 133.1 131.6 
37 m, 7.41 m, 7.44 m, 7.45 133.0 137.6 132.1 
38 122.9 94.6 123.1 
41 83.1 
42 3.17 79.1 
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The organometallic components of the wedge were introduced by reacting cis - 
[RuC12(dppe)2], sodium hexafluorophosphate and 14 in dichloromethane at room 
temperature (see Scheme 4.4.). The intermediate vinylidene complex was not isolated, but 
instead deprotonated with base in situ to afford the complex 15 in 66 % yield. The reaction 
of 15, sodium hexafluorophosphate, triethylamine and 4- HC C6H4R in dichloromethane 
(see Scheme 4.4.) afforded the complexes 16a (R = H) and 16b (R = NO2) in 71 and 85 % 
yield, respectively. This procedure incorporates the ligands that will eventually form the 
peripheral groups of the dendrimer, as well as replacing the chloro ligand on the two 
ruthenium centres thereby removing the opportunity of the wedge to couple with itself in 
the final step of the dendrimer construction. The final step in the wedge preparation is the 
removal of the protecting trimethylsilyl group by the treatment of dichloromethane 
solutions of 16a and 16b with tetrabutylammonium fluoride to give the complexes 17a (R 
= H) and 17b (R = NO2) in 85 and 88 % yield, respectively. Each of the new acetylide 
complexes in the wedge preparation were characterized by FAB mass spectrometry, 
satisfactory microanalysis, UV -vis and IR spectroscopy, 1H, 31P and 13C NMR 
spectroscopy. A discussion of selected characterization data may be found in Section 4.2.5. 
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14 
cis- [RuC12(dppe)2] 
Ph2P, PPh2 
[Ru] = Ru 
Ph21vPPh2 
SiMe3 
4-HC=CC6H4R / NaPF6 / NEt3 
16a R = H (71 %) 
16b R = NO2 (85 %) 
H 
[NB u4] F 
[Ru] 
17a R = H (85 %) 
17b R = NO2 (88 %) 
Scheme 4.4. 
[Ru] 
[Ru] 
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The reaction of 10 with three equivalents of 17a or 17b, sodium hexafluorophosphate and 
triethylamine in dichloromethane afforded the dendrimer complexes 18a and 18b in 52 
and 32 % yield, respectively (see Scheme 4.5.). The reactions were conducted at -35 - 38 
°C as they were too slow at room temperature and lower yielding at refluxing temperature, 
the latter possibly due to some decomposition of the terminal alkyne- containing wedge. 
The lower yield of the nitro- containing dendrimer was a consequence of the excess nitro - 
containing wedge being more difficult to separate from the dendrimer than was its non - 
nitro analogue. The dendrimers are very soluble in dichloromethane, chloroform and 
tetrahydrofuran. The new dendritic acetylide complexes 18a and 18b were characterized by 
satisfactory microanalysis, UV -vis and IR spectroscopy, 1H, 31P and 13C NMR 
spectroscopy. A discussion of selected characterization data may be found in Section 4.2.5. 
Attempts to acquire mass spectra of 18a and 18b were made using a variety of ionization 
conditions, but spectra recorded on FAB, electrospray and four different MALDI 
instruments contained no bands that could be assigned to the molecular ion, nor any bands 
that could be unambiguously assigned to a dendrimer fragment. 
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o 
[Ru] _ 
[Ru] 
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Ph2P\ /PPh2 
[Ru] = Ru 
Ph2P P112 
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Scheme 4.5. 
18a, R = H (52 %) 
18b, R = NO2 (32 %) 
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4.2.3. Synthesis of linear ruthenium acetylide complexes 
One critical aspect of the current studies was to assess the impact on selected physical 
properties of progressing from dipolar to multipolar geometry. To achieve this goal, linear 
analogues of lla and llb were prepared, the synthesis being shown in Scheme 4.6. 
o [Au] Cl 
R-0 - [Ru 
[Ru] _- 
Ph2R, PPh2 
Ph2 Ph2 
H 
NaPF6 / NEt3 
o 
Scheme 4.6. 
o 
19a - R = H (79 %) 
19b - R = NO2 (80 %) 
The reaction of cis- [Ru(4- C= CC6H4R)C1(dppe)2] (R = H, NO2), 4- HC C6H4C CPh, 
sodium hexafluorophosphate and triethylamine in dichloromethane afforded the 
complexes 19a (R = H) and 19b (R = NO2) in 79 and 80 % yield, respectively. These new 
acetylide complexes were characterized by FAB mass spectrometry, satisfactory 
microanalysis, UV -vis and IR spectroscopy, 1H, 31P and 13C NMR spectroscopy. A 
discussion of selected characterization data is included in Section 4.2.5. 
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4.2.4. An alternative synthetic procedure assayed for the preparation of branched acetylide 
complexes 
As mentioned in Section 4.2., an alternative route to prepare branched ruthenium acetylide 
complexes was also investigated. This route uses 1,3,5 -triiodobenzene as the core molecule. 
Problems with this proposed route became apparent when coupling complex 23 to 1,3,5 - 
triiodobenzene (see Scheme 4.7.) using the palladium -catalyzed coupling reaction of 
Sonogashira et al.78 This reaction yielded some of the desired complex lla but also gave a 
by- product, namely, the oxidatively homo- coupled complex. Chromatographic separation 
O Ru 
O 
O 
23 
H + 
PdC12(PPh3)2 / CuI / NEt3 
[Ru O 
Scheme 4.7. 
O 
Ru 
lla 
[Ru 
O 
O 
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of these two complexes proved to be extremely difficult, only poor yields being obtained. 
The oxidative homo- coupling of terminal alkynes has been reported to proceed rapidly in 
the presence of palladium(II) and copper(I) catalysts and oxygen.82 Procedures were 
therefore adopted to rigorously exclude oxygen from the reaction environment, but the 
oxidatively homo- coupled complex was still formed. 
The proposed route to the dendrimer is outlined in Schemes 4.8. and 4.9. Thus, reaction of 
cis- [RuC12(dppe)2], 4- HC= CC6H4I and sodium hexafluorophosphate in dichloromethane 
afforded trans- [Ru(4- C =CC6H4I)Cl(dppe)2] (20) in 80 % yield (see Scheme 4.8). 
[Ru] - 
[Ru 
cis-[RuCl2(dppe)2] + 
Cl-[Ru 
Cl-[Ru 
H / NaPF6 / NEt3 
22 
[NBu43F 
23 
- SiMe3 
(67 %) 
H 
(62 %) 
1. NaPF6 
2. NEt3 
(80 %) 
20 
HC=-CSiMe3 / PdC12(PPh3)2 / 
CuI / NEt3 
= SiMe3 (62 %) 
21 
Scheme 4.8. 
Ru 
H / NaPFb / NEt3 
24 
n 
Ph2p PPh2 
Rú 
Ph2P .PPh2 
SiMe3 
(78 %) 
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The reaction of 20 and trimethylsilylacetylene with catalytic amounts of 
dichlorobis(triphenylphosphine )palladium(II) and copper(I) iodide, and triethylamine, gave 
trans-[ Ru(4- C CC6H4C= CSiMe3)Cl(dppe)2] (21) in 62 % yield. Complex 21 could be 
reacted with either phenyacetylene or 1- HC= C- 3,5- C6H3I2 in the presence of sodium 
hexafluorophosphate and triethylamine to afford the complexes 22 and 24 in 67 and 78 % 
yield, respectively. The trimethylsilyl protecting group was removed from complex 22 by 
treatment with tetrabutylammonium fluoride to afford complex 23 in 62 % yield. These 
new complexes were characterized by mass -spectrometry, satisfactory microanalyses (with 
the exception of 22), UV -vis and IR spectroscopy, and 1H and 31P NMR spectroscopy. A 
discussion of selected characterization data is included in Section 4.2.5. 
Scheme 4.9. shows the proposed but untried method whereby two equivalents of complex 
23 may be reacted with complex 24 using a palladium -catalyzed coupling method to form 
a wedge complex. This wedge could then be reacted with 1,3,5 -triiodobenzene under 
similar conditions to yield a first generation dendrimer. Because of difficulties encountered 
with preparing complex lla by this route, and recognizing that these difficulties would be 
present in several steps in this dendrimer synthesis, this route into dendrimers was 
abandoned in favour of the one described in Section 4.2.2. 
232 
oo Ru oO 
23 
H + - [Ru 
1. PdC12(PPh3)2 / CuI / NEt3 
2. [NBu4]F 
O 
18a 
H 
PdC12(PPh3)2 / CuI / NEt3 
Scheme 4.9. 
oO 
24 
= SiMe3 
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4.2.5. Physical properties of acetylide complexes 
The IR data for complexes 10 -19b are gathered in Table 4.3 and the spectrum of 17a is 
shown in Figure 4.10. The strong v(C=C) modes assigned to the alkynylruthenium units are 
observed at 2065 and 2064 cm-1 in the spectra of the mono -acetylide complexes 10 and 15, 
respectively. For the bis -acetylide complexes with phenylacetylide ligands (lla, 16a, 17a, 
19a), the band is at 2056 -7 cm-1, which decreases in energy to 2046 -7 cm-1 for the 
nitrophenylacetylide -containing complexes (lib, 16b, 17b, 19b). The IR spectra of 
complexes 15, 16a and 16b also contain bands at -2155 cm) which are assigned to the 
v(CC) modes associated with the Me3SiCmC group. The spectra of complexes 10 -19a all 
contain bands between 2203 and 2210 cm-1 which are assigned to v(C =C) modes associated 
with the ArCmCAr moiety. Complexes 17a and 17b, which have terminal alkyne groups, 
show the corresponding C -H stretching bands at 3296 cm-1. The UV -vis data for complexes 
10 -19b are shown in Table 4.4. They are consistent across the series of complexes. All 
complexes contain a band at 24000 -25000 cm-1 assigned to a MLCT transition. An 
additional MLCT band is seen in the nitro -containing complexes at 21300 -21800 cm-1. All 
complexes have absorption bands above 30000 cm-1 assigned to transitions associated with 
the phosphine ligand (including 19a,b, although for the latter no distinct peak could be 
assigned in the measurement window). These data show that optical transparency is 
maintained upon increasing the size of the molecular structure, ie. an increase in potential 
zt- delocalization does not result in a decrease in transparency for this series of complexes. 
100 - 
80 - 
E 60 
40 - 
20 - 
w 
v(H_G) 
Aromatic / aliphatic v(C -H) 
v(prC- ) 
v(RuC) 
3400 3200 3000 2800 2600 2400 2200 2000 
Wavenumber (cm-1) 
Figure 4.10. IR spectrum of complex 17a. 
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Table 4.3. IR data for 10 -19b. 
Compound 
v(RuC=C) 
(cm-1) 
v(Me3SiC) 
(cm-1) 
v(ArCCAr) 
(cm-1) 
v(H-C=) 
(cm-1) 
1,3,5-C6H3 { 4-C=CC6H4C=C-trans-[RuCI(dppe)2] 13 (10) 2065 2204 
1,3,5-C6H3{4-C-C614C-trans-[Ru(C=CPh)(dppe)2]13 (11a) 2057 2203 
1,3,5-C6H3{4-C=CC6H4C=C-trans-[Ru(4-C=CC6H4NO2)(dppe)2]13 (11b) 2047 2204 
1-(Me3SíC=C)-C6H3-3,5-{4-CC6H4C=C-trans-[RuCl(dppe)2]12 (15) 2064 2156 2205 
1-(Me3SiC=C)-C6H3-3,5-{4-C=CC6H4C=-C-trans-[Ru(C=CPh)(dppe)2] 12 (16a) 2057 2156 2204 
1-(Me3SiCC)-C6H3-3,5-{4-C-CC6H4C-trans-[Ru(4-CC6H4NO2)(dppe)2]1z(16b) 2047 2155 2206 
1-(HCC)-C6H3-3,5-{4-C=CC6H4CC-trans-[Ru(C=CPh)(dppe)2]12 (17a) 2057 2202 3296 
1-(HCC)-C6H3-3,5-{4-C=CC6H4C=C-trans-[Ru(4-CCC6H4NO2)(dppe)2]1z (17b) 2047 2204 3296 
1,3,5-C6H3(4-C-C6H4C=-C-trans-[Ru(dppe)2]C=-C-3,5-C6H3-{4-CC6H4C-trans- 2056 2204 
[Ru(C_Ph)(dppe)2]}2)3(18a) 
1,3,5-C6H3(4-CC6H4C=C-trans-[Ru(dppe)2]C-3,5-C6H3-{4-C=CC6H4C=C-trans-[Ru(4- 2047 2206 
CCC6H4NO2)(dppe)2] 12)3 (18b) 
trans-[Ru(4-C=CC6H4C=CPh)(CCPh)(dppe)2] (19a) 2056 2210 
trans-[Ru(4-CmCC6H4CPh)(4-CC6H4NO2)(dppe)2] (19b) 2046 
Table 4.4. UV -vis data for 10 -19b. 
Compound max (cm-t) (E (104 M-t cm 1)) 
1,3,5 -C6143 { 4 -C == CC6H4C _C - trans 4RuCi(dppe)2] 1 s (10) 24 200 (9.9) 33 300 (6.6) 40 000 (13.7) 
1,3,5 -C6H3 {4- C=CC6H4CC- trans -[Ru(CCPh)(dppe)2] }3 (11a) 24 300 (11.6) 31 740 (9.8) 
1,3,5 -C6H3 { 4- C=CC6H4C -C- trans- [Ru(4- C =CC6H4NO2)(dppe)2] } 3 (11b) 21 800 (8.9) 24800(1.1) 32 700 (9.2) 41 000 (17.9) 
1- (Me3SiC=C)- C6H3- 3.5 -(4 -C CC6H4C=C- trans- [RuC1(dppe)2] 12 (15) 24 300 (7.3) 33 400 (sh, 5.1) 39 900 (11.7) 
1- (Me3SiC =C) -C6H3- 3.5 -{4 -C= CC6H4C =C- trans- [Ru(C=CPh)(dppe)2] }z (16a) 24 500 (7.5) 32 100 (7.0) 
1 -( Me3SiC== -C)- C6H3- 3,5- {4- C=CC6H4C C- trans- [Ru(4 -C CC6H4NO2)(dppe)2]1z(16b) 21 700 (5.9) 24 900 (7.1) 32 700 (sh, 5.9) 37 800 (9.4) 
1 -(HC- )- C6H3- 3,5- {4- C=CC6H4C=C- trans -[Ru(C CPh)(dppe)2] 12 (17a) 24 600 (8.1) 32 000 (7.2) 
1 -(HC C)- C6H3- 3.5 -{4 -C =CC6H4C -trans- [Ru(4- C=CC6H4NO2)(dppe)2] 12 (17b) 21 600 (6.2) 25 000 (7.4) 32 500 (sh, 6.3) 
1,3,5- C6H3(4 -C C6H4C=C- trans- [Ru(dppe)2]CC -3,5- C6H3- {4- C=CC6H4C==C- trans- 24 900 (42.1) 32 200 (29.1) 
[Ru(C=CPh)(dppe)2] }2)3 (18a) 
1,3,5- C6H3(4- CCC61-14C C- trans- [Ru(dppe)21C -3,5 -C6H3- { 4- CC6H4C- trans- 21 400 (sh, 16.0) 25 300 (35.0) 32 700 (sh, 24.1) 
[Ru(4- C =CC6H4NO2)(dppe)2] 1z)3 (18b) 
trans-[1:1u(4- C=CC6H4C=CPh)(C CPh)(dppe)2] (19a) 26 200 (3.8) 
trans- [Ru(4-C CC6H4C =CPh)(4- C=CC6H4NO2)(dppe)2] (19b) 21 300 (2.5) 26 800 (3.4) 
The 1H NMR data for complexes 10 -19b are gathered in Table 4.5. and a numbering 
scheme is displayed in Figure 4.11. Not surprisingly, most of the signals observed are 
invariant across this series of complexes. One useful spectroscopic probe is the signal 
assigned to the protons adjacent to the nitro group, H47, which are remote from the rest of 
the phenyl resonances in complexes lib, 16b, 17b, 18b, 19b. 
The 1H and 31P NMR data for complexes 20 -24 are shown in Table 4.6. All of the 1H 
NMR spectra for these complexes contain resonances assigned to the protons of the 
ethylene bridge at -2.6 ppm and resonances at -6.9 to between 7.44 and 7.68 ppm which 
are assigned to the phenyl protons. The proton resonances of the trimethylsilyl groups are 
invariant for the complexes 21, 22 and 24. The chemical shift of the signal assigned to H11 
moves downfield on progressing from complex 20 to 21. Introduction of a second 
acetylide ligand moves this signal further downfield with the signals at 6.54, 6.58 and 6.69 
ppm being tentatively assigned to H2O in complexes 22, 23 and 24, respectively, and the 
resonances at 6.79 ppm being assigned to H11. The 31P NMR spectra of the mono -acetylide 
complexes 20 and 21 contain the expected singlet resonances at -50 ppm, while resonances 
at -54 ppm are observed for the bis -acetylide complexes 22, 23 and 24. 
In the UV -vis spectrum of 20, a band assigned to the MLCT transition from the ruthenium 
atom to the acetylide ligand is observed at 29400 cm-1. Replacing iodine with the 
trimethylsilyl- protected alkynyl group on progressing from 20 to 21 leads to a decrease in 
the energy of this transition, the MLCT band being observed at 27000 cm-1 for the 
complexes 21, 22 and 24. Replacement of the trimethylsilyl group with a proton on 
progressing from 22 to 23 leads to an increase in energy on the MLCT transition of -700 
cm -1. The IR spectrum of 20 contains the expected v(C -C) mode associated with 
alkynylruthenium unit at 2068 cml. This band is also observed in the spectra of complexes 
21 and 22 at -2060 cm* together with a second band assigned to the v(CC) mode 
associated with the Me3SiC =C unit at 2148 cm -1. Only one band is observed in the spectrum 
of complex 23 at 2057 cm-1. Three bands are observed in the spectrum of complex 24, 
those at 2046 and 2060 cm' being assigned to the alkynylruthenium modes and the one at 
2149 cm-1 is assigned to the Me3SiCC unit. 
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Table 4.5. 1H NMR data for 10-19b. 
Compound Chemical shift (ppm) 
CH2 Me HCC Ht H11 H20 H21 H28 H30 H37 Hab H47 phenyl 
10 2.69 7.59 6.56 6.93 to 7.46 
11 a 2.63 6.65 or 6.81 6.65 or 6.81 6.92 to 7.61 
11b 2.63 7.62 6.57 or 6.76 6.57 or 6.76 7.97 6.91 to 7.57 
15 2.68 0.27 7.54 7.58 6.55 6.92 to 7.46 
16a 2.63 0.29 6.64 or 6.82 6.64 or 6.82 6.93 to 7.61 
16 b 2.63 0.29 6.57 or 6.74 6.57 or 6.74 7.97 6.91 to 7.56 
17a 2.63 3.12 6.64 or 6.81 6.64 or 6.81 6.92 to 7.65 
17b 2.63 3.12 7.65 6.58 or 6.75 6.58 or 6.75 7.98 6.92 to 7.57 
18a 2.64 6.68 to 6.81 6.68 to 6.81 6.68 to 6.81 6.68 to 6.81 6.94 to 7.63 
18b 2.64 6.55 to 6.81 6.55 to 6.81 6.55 to 6.81 6.55 to 6.81 7.97 6.91 to 7.63 
19a 2.61 6.59 or 6.76 6.59 or 6.76 6.89 to 7.60 
19b 2.61 6.56 or 6.73 6.56 or 6.73 7.97 6.90 to 7.55 
Table 4.6. 1H and 31P NMR data for 20 -24. 
Complex Chemical shift (ppm) 
trans- [Ru(4- C=CC6H4I)C1(dppe)2] (20) 
trans- [Ru(4- CECC6H4C CSiMe3)Cl(dppe)2] (21) 
trans-[ Ru( 4- C= CC6H4C- CSiMe3)(C CPh)(dppe)2] (22) 
trans- [Ru(4- C=CC6H4C CH)(C=CPh)(dppe)2] (23) 
trans-[ Ru( 4- C= CC6H4C =CSiMe3)(3,5- C= CC6H3I2)(dppe)2] (24) 
CH2 Me CECH H11 H20 Ph 3lp 
2.63 6.30 6.90 to 7.44 50.1 
2.66 0.24 6.46 6.87 to 7.40 49.8 
2.60 0.24 6.54 or 6.79 6.54 or 6.79 6.88 to 7.60 54.4 
2.60 3.09 6.58 or 6.79 6.58 or 6.79 6.89 to 7.59 54.5 
2.55 0.24 6.69 or 6.79 6.69 or 6.79 6.92 to 7.68 54.2 
4.3. Nonlinear optical investigations 
4.3.1. Results of second -order nonlinear optical measurements 
Measurements of the first hyperpolarizability, 13, of complexes 10, 11(a, b), 15 -19(a, b) and 
trans- [Ru(C CPh)Cl(dppe)2], together with the organic compounds 8, 12 -14, were 
performed at 1064 nm using the hyper -Rayleigh scattering technique (see Section 1.3.5.) 
by collaborators at the University of Leuven, Belgium and at RIKEN, Japan. The data are 
presented in Table 4.6. 
The first hyperpolarizability data in Table 4.7. are reported as the square -roots of the 
rotational averages. In the HRS experiment, measurements of the rotational averages, (132), 
are made, where the angled brackets indicate averaging over all possible orientations in an 
isotropic solution. For one -dimensional dipolar molecules (such as those examined in 
Chapters 2 and 3), only the diagonal tensor component, 13333, is significant, so that 13 = (3333. 
In octopolar molecules, there are other non- vanishing tensor components, so that 
V(R2) # R333. This property may also be used to obtain information about the symmetry of 
the molecule being measured. Depolarization measurements involve measuring the intensity 
of the scattered second -harmonic light parallel, IZZ , and perpendicular, 1,2V, to the plane of 
the incident polarized laser beam. The ratio of these two quantities is dependant on the 
molecular symmetry. For dipolar molecules with C2, symmetry, 
I2w P =2  =5 
Izx 
and for octopolar molecules with symmetry D3h or C3h 
20) 
zz 
p =I2w = 
Depolarization measurements were undertaken by collaborators in RIKEN, Japan and were 
obtained for complexes 10 and lla. No (3 values were collected for the complex 19b 
because a quadratic signal (with respect to the fundamental intensity) was not observed. 
Complex 10 was measured at both locations with consistent results, although a slightly lower 
value was obtained using the set -up at RIKEN, Japan. 
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Table 4.7. Results of hyper -Rayleigh scattering experiments. 
Compound ' (cm-1) VW ) 
a 
max 
lzz 
P I2w 
(E (104 M -1 cm-1)) (10 -30 esu) 
zx 
1,3,5- C6H3(C =C- 4- C614C=CSiMe3) (8) 29 200 (0.5) 8b 
1,3,5 -C6H3 {4- C =CC6H4C=C- trans- [RuC1(dppe)2] 13 (10) 24 200 (9.9) 94b / 115 1.4 ± 0.2b 
1,3,5 -C6H3 14 -C =CC6H4C -C- trans -[Ru(C CPh)(dppe)2] }3 (11a) 24 300 (11.6) 93b 2.1 ± 0.2b 
1,3,5 -C6H3 {4 -C CC6H4C -C- trans- [Ru(4- C CC6H4NO2)(dppe)2] }3 (lib) 21 800 (8.9) 1220 
1- (Me3SiC = -C)- C6H3- 3,5 -(4 -C CC6H4Br)2 (12) 32 200 (7.6) 5.8 
1- (Me3SiC -C)- C6H3- 3,5 -(4 -C CC6H4I)2 (13) 31 800 (8.1) 8.9 
1 -( Me3SiC= C) -C6H3- 3,5 -(4 -C =CC6H4C -CH)2 (14) 31 100 (8.6) 8.4 
1- (Me3SiC C)- C6H3- 3,5 -{4 -C- CC6H4C C- trans- [RuC1(dppe)2] 12 (15) 24 300 (7.3) 101 
1- (Me3SiC -C)- C6H3- 3,5 -{4 -C= CC6H4C== -C- trans- [Ru(C=CPh)(dppe)2] 12 (16a) 24 500 (7.5) 105 
I -( Me3SiC =C)- C6H3- 3,5- {4- C=CC6H4C C- trans- [Ru(4 -C CC6H4NO2)(dppe)2] }2 (16b) 21 700 (5.9) 900 
1 -(HC C)- C6H3- 3,5 -{4 -C CC6H4C = -C- trans- [Ru(C =CPh)(dppe)2] }z (17a) 24 600 (8.1) 104 
1- (HC=C)- C6H3- 3,5 -{4 -C CC6H4C =C - trans- [Ru(4 -C CC6H4NO2)(dppe)2] }2 (17b) 21 600 (6.2) 1120 
1, 3, 5- C6H3( 4- C=CC6H4C=C- trans- [Ru(dppe)21CC -3,5- C6H3- {4- CmCC6H4C=C- trans- [Ru(C=- CPh)(dppe)2] 12)3 (18a) 24 900 (42.1) 160 
1,3,5- C6H3(4 -C =CC6H4C -C- trans- [Ru(dppe)2]C- C -3,5- C6H3- {4- C=CC6H4C=C- trans-[Ru(4- 21 400 (sh, 16.0) 1880 
C CC6H4NO2)(dppe)2112)3 (18b) 
trans-[ Ru (4- C- CC6H4CCPh)(C- CPh)(dppe)2] (19a) 26 200 (3.8) 34b 
trans- [Ru(4 -C- CC6H4C =CPh)(4- C=CC6H4NO2)(dppe)2] (19b) 21 300 (2.5) 
trans -[Ru(C CPh)C1(dppe)2] 31 300 (1.8) 6b 
a All measurements performed at 1064 nm in tetrahydrofuran solvent, values ± 10 %. 
b Measurement performed at RIKEN, Japan. ' Quadratic signal (with respect to the fundamental itensity) not observed. 
4.3.2. Discussion of second -order nonlinear optical results 
The complexes bearing no nitro -substituents have absorption bands far from the second 
harmonic wavelength of 532 nm (see Figure 4.12. for UV -vis spectra of lla and 18a), 
permitting assessment of the impact of structural variation on quadratic NLO merit. 
Incorporation of the ligated metal fragment in proceeding from the organic acetylenes 8 
and 14 to the organometallic complexes 10 and 15 leads to a significant increase in RHRS 
Extending the delocalized 7t- system through the metal in progressing from 10 to lla and 
15 to 16a, though, is ineffective in increasing 13, indicating that the trans -phenylalkynyl 
ligand is acting largely as a 1t -donor ligand (it has been reported that phenylalkynyl ligands 
are pseudo -halides in complexes of this type);83 a similar lack of (3 enhancement on 
extending the it- system through a metal has been reported recently in a dipolar system.84 
Complex 19a is a linear fragment of the octopolar complex lia, and also of the wedge 
complexes 16a and 17a. Not surprisingly, then, progressing from 19a to lla results in a 
three -fold increase in oscillator strength of the UV -vis band assigned to the MLCT 
transition while progressing from 19a to 16a or 17a results in a two -fold increase in the 
same parameter. Importantly, the quadratic NLO merit of two- dimensional complex lla is 
significantly improved compared to the one- dimensional complexes 19a and trans - 
[Ru(C =CPh)Cl(dppe)2], with little loss of optical transparency (in progressing from 19a to 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
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18a 
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Wavenumber (cm-1) 
Figure 4.12. UV -vis spectra of lla and 18a. The vertical dotted line indicates 
the second -harmonic frequency. 
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lla) accompanying the large increase in P. A similar increase in 13 is also seen in complexes 
16a and 17a, although these complexes contain only two metal centres compared with three 
for lla. 
The depolarization ratio of 1.4 for complex 10 is within experimental error of the ideal 
value of 1.5 expected for purely octopolar symmetry. Complex lla has a depolarization 
ratio of 2.1, a value larger than that expected for a molecule with octopolar symmetry. This 
increased value may result from a deviation from octopolar symmetry, most likely a lack of 
coplanarity of the arylethynyl groups. A decrease in molecular symmetry would result in an 
increase in p, as dipolar contributions to the first hyperpolarizability are introduced. 
The dendrimer 18a results from the coupling of 10 and 17a. While its (3 value is larger than 
that of either of the component complexes, it is not substantially so, given that it contains 
nine metal centres, compared to three or two for the components. Improvements in 
nonlinearity in dipolar systems are usually accompanied by a loss in optical transparency. 
The present "multipolar" system is significant, then, in that there is no loss in transparency 
on progressing from lla to 18a. In fact, a small gain in transparency is seen, which may 
indicate that the dendritic complex 18a has a non -planar geometry. This onset of non co- 
planarity is consistent with the general observation that, upon increasing the size of dendritic 
systems, the initially planar disposition will eventually become a globular array. 
Unfortunately, depolarization measurements have not been obtained for the dendrimers. 
The absolute values of (3HRS for lla and 18a are amongst the largest thus far for multipolar 
compounds optically transparent at the second -harmonic, for which resonance enhancement 
is much less important. They are also amongst the largest thus far for multipolar 
compounds lacking a formal acceptor moiety (results with organic compounds suggest that 
a further increase in 13 is likely upon replacing the arene ring with an electron acceptor such 
as 2,4,6 -trinitroaryl or 2,4,6 -triazine groups).9 
There is a ten -fold increase in the measured 13 values for the nitro- containing complexes 
compared to their non -nitro analogues. The 13 values of the nitro -containing complexes are, 
however, resonance enhanced due to the proximity to the second -harmonic wavelength of 
532 nm (18 800 cm-I) of the absorption band associated with the MLCT transition 
(assigned to the metal to nitrophenylacetylide ligand charge -transfer). Figure 4.13. 
demonstrates this, showing that while 18b has some absorption at 2w, complex 18a is 
optically transparent at this frequency. 
Complexes 16b and 17b, which both contain two metal -centres, possess similar (3 values. 
Only a small increase in (3 is observed on progressing to the three metal- centre complex 
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Figure 4.13. UV -vis spectra of 18a and 18b. The vertical dotted line indicates 
the second -harmonic frequency. 
lib, a similar trend to that observed for the non -nitro analogues. A 50 % gain in 13 is found 
on progessing from llb to the nine metal- centre dendrimer 18b. The (3 value of 1880 x 
10-30 esu for the latter is quite large, comparable to that of the inorganic complex of 
Dhenaut et al4 displayed in Figure 4.2., but, as mentioned above, this is due in part to 
resonance enhancement. The method used to calculate static [3 values discussed in Section 
2.7.1. was based on the two -level description of ß. However, the term Alt, which is the 
difference between the ground and excited state dipole moment, must be zero for octopolar 
molecules. A three -level model has been proposed85 that incorporates a doubly degenerate 
excited state with a dipole allowed transition between the ground and the excited states. Due 
to the degeneracy of the excited states, an expression for [30 is obtained which resembles the 
two -level expression, so that (excluding constants), 
weegg fµ11 
ß 
g -(02)( g- (2(0)2) 
where weg is the frequency of the optical transition, f is the oscillator strength, w is the 
frequency of the exciting radiation, and 11i1 is the transition dipole moment between the 
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two degenerate excited states. The resonant term is the simple expression from the two -level 
model, so that the equation 
ß0=ß11-I axJz II1 12 ax2 
may be used to calculate static first hyperpolarizabilities, ß0. These have been calculated for 
the complexes listed above and are collected in Table 4.8. For the complexes containing 
nitro groups, no changes in the trends found in the experimental data are seen in the 
calculated static 13 values. The ßo value for 18b is the largest obtained for an organometallic 
complex to date. For the complexes without nitro substituents, the static ß values for the 
two -metal- centre complexes 16a and 17a are marginally larger than that of the three -metal 
complex lla. No other changes in the trend discussed above are observed. 
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Table 4.8. Experimental and static first hyperpolarizabilities. 
Compound vmax V(r2>a I(130 
(cm-1) (10 -30 esu) (1.0-30 esu) 
1,3,5- C6H3(4- C=CC6H4C= -C- trans- [RuCl(dppe)2] }3 (10) 24 200 94b / 115 32 / 39 
1 ,3,5- C6H3 {4 -C =CC6H4C =C- trans- [Ru(C =CPh)(dppe)2] 13 (11a) 24 300 936 31 
1,3,5 -C6H3 {4 -C CC6H4C C- trans- [Ru(4 -C CC6H4NO2)(dppe)2] }3 (11b) 21 800 1220 254 
1- (Me3SiC C) -C6H3- 3,5- {4 -C= CC6H4C =C - trans- [RuCl(dppe)2] }2 (15) 24 300 101 34 
1- (Me3SiC = -C)- C6H3- 3,5 -{4 -C =CC6H4C C -trans- [Ru(C =CPh)(dppe)2] }2 (16a) 24 500 105 37 
1- (Me3SiC=C)- C6H3- 3,5- (4-C=- CC6H4C -trans- [Ru(4 -C CC6H4NO2)(dppe)2]12(16b) 21 700 900 182 
1 -(HC C)- C6H3- 3,5- {4- CCC6H4C C- trans- [Ru(C=CPh)(dppe)2] }2 (17a) 24 600 104 37 
1 -(HCC )-C6H3- 3,5 -{4 -C =CC6H4C =C -trans- [Ru(4- C= CC6H4NO2)(dppe)2] }2 (17b) 21 600 1120 220 
1,3,5- C6H3(4 -C =CC6H4C =C -trans- [Ru(dppe)2]C =C -3,5- C6H3 -{4 -C- CC6H4C =C - trans- {Ru(C=CPh)(dppe)2] }2)3 (18a) 24 900 160 59 
1,3,5- C6H3(4 -6_CC6H4C °C -trans- [Ru(dppe)2]C -3,5- C6H3 -{4 -C =CC6H4C =C- trans- [Ru(4- 21 400 (sh) 1880 350 
CECC6H4NO2)(dppe)2] } 2)3 (18b) 
trans-[ Ru (4- C=CC6H4C=CPh)(C =CPh)(dppe)2] (19a) 26 200 34b 14 
trans- [Ru(C=- CPh)C1(dppe)2] 31 300 6b 3 
a All measurements performed at 1064 nm, values ± 10 %. 
b Measurement performed at RIKEN, Japan. 
4.3.3. Results of third -order nonlinear optical measurements 
Measurements of third -order optical nonlinearities were performed at the Australian 
National University using the Z -scan technique (see Section 1.3.8.) operating at 800 nm. 
The results are presented in Table 4.9. The linear complex 19b was not measured because it 
was insufficiently soluble in a range of suitable solvents. 
Figure 4.14. shows experimental data plots from the Z -scan experiment on solutions of 
11b. A tightly focussed laser beam provides a gradient of intensity, with the greatest 
intensity at the focus, z = 0 (the Gaussian beam spot size radius at the focus is about 49 
µm). The upper set of curves in Figure 4.14. shows the open aperture experiment for 
various concentrations. They reveal a significant increase in absorption with increasing 
beam intensity (i. e. there is a reduction in transmittance as the sample approaches z = 0). 
This is indicative of two -photon absorption (TPA). From these curves, the nonlinear 
absorption coefficient 132, and the related imaginary part of y, may be calculated. The TPA 
cross -section, a2, may also be calculated from 132; a2 values are included in Table 4.9. to 
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Figure 4.14. Z -scan measurements on solutions of lib. The 1 /e2 Gaussian 
beam spot size radius at the focus, wo, is about 49 µm. 
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Table 4.9. Results of Z -scan experiments. 
Compound umax (cm 1) Yreal Yimag (72a 
(e (104 M -1 cm t)) (10-36 esu) (10-36 esu) (10-5° cm4.$) 
1,3,5- C6H3(C =C- 4- C6H4C=CSiMe3) (8) 29200 (0.5) 95 ± 20 0 0 
1,3,5 -C6H3 {4 -C =CC6H4C =C -trans- [RuC1(dppe)2] } 3 (10) 24200 (9.9) -330 ± 100 2200 ± 500 530 ± 100 
1,3,5 -C6H3 {4 -C =CC6H4C =C - trans -[Ru(C CPh)(dppe)2] }3 (11a) 24300 (11.6) -600 ± 200 2900 ± 500 700 ± 120 
1,3,5 -C6H3 {4 -C CC6H4C C- trans- [Ru(4- C_= CC6H4NO2)(dppe)2]}3 (11b) 21800 (8.9) -5000 ± 1000 5600 ± 1000 1300 ± 200 
1- (Me3SiC)- C6H3- 3,5- (4- C =CC6H4Br)2 (12) 32 200 (7.6) 53 ± 20 5 ± 3 1 ± 1 
1- (Me3SiC= -C)- C6H3- 3,5- (4- C =CC6H4I)2 (13) 31 800 (8.1) 77 ± 30 4 ± 3 1 ± 1 
1- (Me3SiC=C)- C6H3- 3,5 -(4 -C CC6H4C=CH)2 (14) 31 100 (8.6) 67 ± 30 7 ± 5 2 ± 1 
1 -( Me3SiC =C)- C6H3- 3,5 -{4-C CC6H4C =C - trans- [RuCl(dppe)21}2 (15) 24300 (7.3) -510 ± 500 4700 ± 1500 1100 ± 360 
1 -( Me3SiC = -C)- C6H3- 3,5 -{4 -C =CC6H4C =C - trans- [Ru(C=CPh)(dppe)2] }2 (16a) 24500 (7.5) -700 ± 100 2270 ± 300 550 ± 70 
1 -( Me3SiC =C) -C6H3- 3,5- {4- C=CC6H4CwC- trans- [Ru(4- C=CC6H4NO2)(dppe)2] }2 (16b) 21700 (5.9) -5200 ± 1000 5200 ± 1000 1300 ± 250 
l- (HC=C)- C6H3- 3,5- {4.- C=CC6H4C=C- trans- [Ru(CwCPh)(dppe)2] }2 (17a) 24600 (8.1) -830 ± 100 2200 ± 300 530 ± 70 
1- (HC=C)- C6H3- 3,5 -{4 -C =CC6H4C =C - trans- [Ru(4- C =CC6H4NO2)(dppe)2] }2 (17b) 21600 (6.2) -4900 ± 1000 4900 ± 1000 1200 ± 250 
1,3,5- C6H3(4- C=CC6H4C °C- trans- [Ru(dppe)2]C =C -3,5- C6H3- {4- C°CC6H4C =C- trans- 24900 (42.1) -5050 ± 500 20100 ± 2000 4800 ± 500 
[Ru(C=CPh)(dppe)2] }2)3 (18a) 
1,3,5- C6H3(4- CwCC6H4C =C- trans- [Ru(dppe)2]C =C -3,5- C6H3- {4- C=CC6H4C=C- trans- [Ru(4- 21400 (sh, 16.0) -14900 ± 3000 18200 ± 3000 4400 ± 700 
CwCC6H4NO2)(dPPe)2] }2)3 (18b) 
trans-[ Ru (4- C=CC6H4C=CPh)(C=CPh)(dppe)2] (19a) 26200 (3.8) -670 ± 300d 1300 ± 300d 310 ± 70 
trans-[ Ru( 4- C= CC6H4CwCPh )(4- C=- CC6H4NO2)(dppe)2] (196) 21300 (2.5) b 
trans- [Ru(C=CPh)Cl(dppe)2] 31300 (1.8) -170 ± 40d 71 ± 20d 20 ± 5 
a Calculated the = 4 Ñ 2 h is Plancks 2n, is frequency, is N is using equation 62 where constant on w the exciting 132 the two -photon absorption coefficient and the 
concentration. b Not measured due to lack of solubility. 
permit comparison with literature values. Importantly, the Z -scan measurements were 
performed using low repetition rate (30 Hz) 100 fs pulses; excited state absorption should 
therefore be negligible. The bottom set of curves show the closed aperture experiment 
(performed concurrently with the open aperture experiment). Analysis of the concentration 
dependance of these curves reveals the defocussing nature of the complex at this 
wavelength. From these data, the real component of y may be obtained. 
4.3.4. Discussion of third -order nonlinear optical results 
The significant yimag values are indicative of TPA, which becomes important as the linear 
absorption maximum approaches 2w (i.e. twice the exciting laser frequency, in this case 
25 000 cm -1 or 400 nm).24 Figure 4.15. shows the close proximity to 2w of the absorption 
band assigned to a MLCT transition. It is not possible at present to determine whether the 
negative Yreal values are indicative of zero -frequency negative cubic hyperpolarizabilities, or 
result from two -photon dispersion effects (as mentioned in Section 1.2.1., resonant 
behaviour of the cubic hyperpolarizability involves a rapidly changing real part and 
enhanced imaginary part). However, the organic compound 8, which exhibits no TPA, has a 
positive )(real value. 
2.0 - 
1.5 - 
1.0 - 
0.5 - 
0.0 
15 20 25 
Wavenumber (cm-1) 
30 35x103 
Figure 4.15. UV -vis of 18a. The vertical dotted line indicates the position of 2w. 
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Furthermore, Table 1.19. contains examples of ruthenium acetylide complexes with positive 
)(real and substantial yimag values, together with similar complexes exhibiting negative )(real 
with substantial yimag values. It is likely, therefore, that the negative )(real values result from 
two -photon dispersion effects, with the sign of )(real sensitive to small differences in the 
energies of absorption bands of the complexes. Not unexpectedly, introduction of the 
ligated metal on proceeding from 8 to 10 or 14 to 15 results in significant increases in both 
)(real and yimag. Inspection of y values for 19a and lla reveals a significant increase in the 
imaginary component on progressing from the linear to the multipolar complex, but no 
increase in )(real. Both real and imaginary components of the third -order hyperpolarizability 
for the dendrimer 18a are much larger than those of its components 17a and 10 or the 
related complex lla. In particular, progressing from lla to 18a results in increases in both 
)(real and yimag proportionately greater than either the increase in the number of 
phenylethynyl groups or the extinction coefficient. Comparison of the nitro -containing 
complexes 11b, 16b and 17b to their non -nitro analogues reveals large increases in both 
real and imaginary y values. Comparison of the dendrimer complexes shows a large 
increase in )(real, but no change in yimag, on progressing from 18a to 18b. These results 
suggest that the introduction of a nitro -group has a significant effect on the cubic 
nonlinearity, but the degree to which this is affected by two -photon dispersion is not readily 
ascertained from these data. Future experiments may allow for measurements of y over a 
range of wavelengths, enabling insight into the wavelength dependence of the optical 
nonlinearities. 
Table 4.10. contains one and two -photon absorption cross -sections for complexes 11a, 16a, 
17a, 18a, and 19a, together with these parameters divided by the molecular weight. These 
complexes were chosen to examine the effect of changing geometry and molecular size on 
their linear and nonlinear absorption properties. In these complexes, each metal centre has 
an almost identical ligand environment, and similar UV -vis absorption bands are observed 
in the region close to 2w. 
The one -photon absorption cross - sections (which are simply the extinction coefficients 
expressed in units of area) follow the expected ordering 18a > lla > 17a 16a > 19a, i.e. 
the nine, three, two And one metal -centre containing complexes, respectively. With the 
exception of 18a, the one -photon absorption cross -sections scale with the number of metal 
centres in each complex ( -6 x 10 -17 cm2 per metal centre). For the dendrimer 18a, this 
scaling factor does not hold, a much higher figure per metal- centre being observed. This 
trend is reflected in the a / MW values, with the complexes with one, two or three metal 
centres ranging from 5.0 to 6.0 x 10 -20 cm2 mol g-1, but with 18a having a value of 6.9 x 
10-20 cm2 mol g-1. Examination of the TPA cross - sections reveals the same ordering as for 
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Table 4.10. One and two -photon absorption cross -sections for selected complexes. 
Compound umax G 6 / MW 62° 62 / MW° 
(cm-1) (10-17 cm2) (10-20 cm2 mole g -1) (10-50 cm4 s) (10 -51 cm4 s mole g-1) 
1,3,5- C6H3(4 -C= CC6H4C =C - trans- [Ru(C=- CPh)(dppe)2] }3 (11a) 24300 19 5.5 700 2.0 
1-( Me3SiC C)- C6113- 3,5 -{4 -C =CC6H4C C- trans- [Ru(C- CPh)(dppe)2] 12 (16a) 24500 13 5.4 550 2.3 
1 - (HC =C)- C6H3- 3,5 -{4 -C CC6H4C=C- trans- [Ru(CCPh)(dppe)2] }z(17a) 24600 14 6.0 530 2.3 
1,3,5- C6H3(4- CCC6H4C= -C- trans- [Ru(dppe)2]C =C -3,5- C6H3 -{4- 24900 70 6.9 4800 4.7 
C °CC6H4C -C- trans- [Ru(C =CPh)(dppe)2] 12)3 (18a) 
trans-[ Ru( 4- C=- CC6H4CECPh)(C =CPh)(dppe)2] (19a) 26200 6 5.0 310 2.6 
° Error is - 15 %. 
the linear absorption parameter, with complexes lla, 16a, 17a, and 19a having 02 values 
between 200 -300 x 10-50 cm4 s per metal- centre, but complex 18a having a value of -500 
x 10-50 cm4 s per metal -centre. Similarly, the a2 / MW values reveal a larger TPA 
coefficient per unit of molecular mass for the dendrimer complex 18a than for the smaller 
related complexes. Clearly, both linear and nonlinear absorption characteristics are altered 
upon proceeding from the smaller ruthenium -acetylide complexes to the dendrimer. Both 
of the dendritic complexes 18a and 186 show 02 values comparable in magnitude to those 
of the bis(styryl)benzene derivatives reported by Albota et al.27 (up to 44 x 10-48 cm4 s) 
and the heterocyclic compounds reported by Reinhardt et al.26 (up to 115.6 x 10-48 cm4 
s). In the present case, it is likely that the size and two -dimensional nature of the 7t- 
delocalized system combined with the strong MLCT transition all contribute to the large 
observed a2 value. 
4.4. Conclusions 
Routes into branched and dendritic complexes containing extensive n- delocalized systems 
were assayed, and examples were prepared from electron -rich ruthenium -acetylide units 
using a convergent synthesis. The alkynylruthenium dendrimers are soluble in a range of 
solvents and oxidatively stable. 
Measurements of second -order NLO properties showed that varying the molecular size and 
geometry impacts significantly on the optical nonlinearity. Very large quadratic 
hyperpolarizabilities were measured for several of the branched complexes, comparable to 
the largest values for organometallics reported in the literature. The multipolar complexes 
lacking a formal acceptor group have some of the largest nonlinearities thus far for 
compounds of this type. Modication of the electronic properties of the molecule by the 
introduction of strong acceptor groups induced large increases in second -order 
nonlinearities. 
Third -order NLO measurements revealed significant TPA behaviour, again, comparable to 
some of the largest reported in the literature. Both linear and nonlinear absorption 
characteristics are altered upon proceeding from the smaller complexes to the dendrimers. 
While one and two -photon absorption cross -sections were found to scale with the number of 
metal centres in each molecule for complexes containing one, two or three metal centres, a 
much higher figure per metal- centre was observed for the dendritic complexes. This 
nonlinear increase in third -order NLO properties provides an incentive to further investigate 
the NLO behaviour of dendritic macromolecules. 
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4.5 Experimental 
4.5.1. General Conditions, Reagents and Instruments 
General Conditions 
All reactions were performed under a nitrogen atmosphere with the use of Schlenk 
techniques unless otherwise stated. Dichloromethane was dried by distilling over calcium 
hydride, methanol was dried by distilling over magnesium / iodine, and diethylether and 
tetrahydrofuran were dried by distilling over sodium / benzophenone; other solvents were 
used as received. 'Pet. spirit" refers to a fraction of petroleum ether of boiling range 60 -80 
°C. Chromatography was on silica gel (230 -400 mesh ASTM) or ungraded basic alumina. 
Reagents 
The following were prepared by literature procedures: 1,3,5- triethynylbenzene,86 4- 
Me3SiC= CC6H4I,S7 4- HC= CC6H4Br,78 4- HC =CC6H4NO2,78 4- HC=CC6H4C= CPh,88 trans - 
[Ru(4- C= CC6H4NO2)C1(dppe)2],68 trans- [Ru(C= CPh)CI(dppe)2].68 Dichlorobis(triphenyl - 
phosphine)palldium (II) was prepared by stirring two equivalents of triphenylphosphine 
with palladium(II) chloride in dimethylformamide at reflux for 2 h. The resulting 
precipitate was collected and recrystallized from chloroform. n- Butyllithium (solution in 
hexane) (Merck) and t- butyllithium (solution in pentane) (Aldrich) were titrated with 
diphenylacetic acid in diethylether before use to determine their exact concentration.89 cis - 
[RuCl2(dppe)2] was prepared by modifying the literature procedure90 in the following way: 
(i) dppe was substituted for dppm, (ii) reflux time in toluene was 2 h, and (iii) the product 
was recrystallized by the addition of methanol to a dichloromethane solution. Sodium 
hexafluorophosphate (Aldrich) was recrystallized from acetonitrile before use. Copper(I) 
iodide (Unilab), tetra -n- butylammonium fluoride (1 M solution in tetrahydrofuran) 
(Aldrich), 1,3,5 -tribromobenzene (Aldrich), iodine (M &B), sodium thiosulphate (Univar), 
trimethylsilylacetylene (Aldrich), zinc(II) bromide (Aldrich), ethynylmagnesium bromide 
(0.5 M solution in tetrahydrofuran) (Aldrich), phenylacetylene (Aldrich), and anhydrous 
magnesium sulfate (Aldrich) were used as received. 
Instruments 
EI (electron impact) mass spectra (both unit resolution and high resolution (FIR)) were 
recorded using a VG Autospec instrument (70 eV electron energy, 8 kV accelerating 
potential) and secondary ion mass spectra were recorded using a VG ZAB 2SEQ instrument 
(30 kV Cs+ ions, current 1 mA, accelerating potential 8 kV, 3- nitrobenzyl alcohol matrix) at 
the Research School of Chemistry, Australian National University; peaks are reported as m/z 
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(assignment, relative intensity). Microanalyses were carried out at the Research School of 
Chemistry, Australian National University. Infrared spectra were recorded as 
dichloromethane solutions using a Perkin -Elmer System 2000 FT -IR. 1H, 13C and 31P 
NMR spectra were recorded using a Varian Gemini -300 FT NMR spectrometer and are 
referenced to residual chloroform (7.24 ppm), d- chloroform (77.0 ppm) or external 85% 
H3PO4 (0.0 ppm), respectively. The assignments follow the numbering schemes shown in 
Figure 4.11. UV -Vis spectra of solutions in tetrahydrofuran in 1 cm cells were recorded 
using either a Cary 4 or Cary 5 spectrophotometer. Melting points were measured using an 
Electrothermal melting point apparatus. 
4.5.2. Syntheses of Organic Precursors 
1,3,5-C6H3(C=C-4-C6H4C=CSiMe3)3 (8) 
To a solution of 1,3,5- triethynylbenzene (190 mg, 1.26 mmol) and 4- Me3SiC= CC6H4I 
(1.139 g, 3.79 mmol) in triethylamine (70 ml) was added dichlorobis (triphenylphosphine) - 
palladium(II) (44 mg, 0.063 mmol) and copper(I) iodide (60 mg, 0.32 mmol). The mixture 
was stirred for 2 h and then filtered through a glass sinter. The filtrate was reduced to 
dryness in vacuo. The residue was purified by silica column chromatography eluting with 
pet. spirit. The solvent was then removed from the eluate using a rotary evaporator. 
Recrystallization by slow evaporation of a dichloromethane / methanol mixture afforded 
600 mg of pale yellow microcrystals (71 %). MS: 666 ([M] +, 100). IR (cm 1): 2157 v(C =C). 
1H NMR (S, 300 MHz, CDC13); 0.24 (s, 27H, SiMe3), 7.44 (s, 12H, H10 and H11), 7.61 (s, 
3H, H1). M.p. 140 °C (decomp.). 
1,3,5-C6H3(CC-4-C6H4CCH)3 (9) 
To a solution of 8 (300 mg, 0.45 mmol) in dichloromethane was added 2 mL of tetra -n- 
butylammonium fluoride solution (1 M in tetrahydrofuran) and the mixture stirred for 15 
min. The solvent was then removed in vacuo. The residue was dissolved in a minimum 
amount of pet. spirit and purified by silica column chromatography eluting with pet. spirit. 
The solvent was then removed from the eluate using a rotary evaporator. Slow evaporation 
of a dichloromethane / methanol solution afforded 180 mg of a white powder (89 %). MS: 
450 ([M] +, 100). IR (cm 1): 3296 v(HC =), 2108 v(C =C). 1H NMR (6, 300 MHz, CDC13); 
3.17 (s, 3H, C=CH), 7.46 (s, 12H, H1) and H11), 7.63 (s, 3H, H1). M.p. 126 °C. 
1,3-dibromo-5-iodobenzene 
1,3,5 -tribromobenzene (5.0 g, 15.9 mmol) was dissolved in diethylether (150 mL) and 
cooled to -78 °C in a dry -ice / acetone bath. n- Butyllithium (10.4 mL of a 1.54 M solution 
in hexane, 16.0 mmol) was slowly added and the mixture stirred for 30 min. A solution of 
iodine (5.0 g, 19.7 mmol) in diethylether (80 mL) was then added dropwise via a cannula. 
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The mixture was stirred at -78 °C for 10 min and then at room temperature for 30 min. 
After washing the mixture with saturated aqueous sodium thiosulphate solution, the organic 
layer was separated and dried using magnesium sulphate. The mixture was filtered and the 
solvent removed using a rotary evaporator. The product was purified by silica column 
chromatography eluting with pet. spirit. Yield was 4.5 g (78 %). MS: 362 ([M] +, 100), 235 
([C6H3Br2] +, 40). Anal. Calcd: C 19.92, H 0.84 %. Found: C 20.13, H 0.79 %. 1H NMR: (S, 
300 MHz, CDC13); 7.62 (t, JHH = 2 Hz, 1H, H30), 7.78 (d, JHH = 2 Hz, 2H, H28). 13C NMR: 
(5, 75 MHz, CDCI3); 94.5 (C27), 123.3 (C29), 133.6 (C30), 138.5 (C28). 
1, 3-dibromo-5-(trimethylsilylethynyl)benzene 
1,3- Dibromo -5- iodobenzene (1.0 g, 2.8 mmol) was dissolved in tetrahydrofuran (30 mL). 
Trimethylsilylacetylene (0.40 mL, 2.8 mmol) and triethylamine (20 mL) were then added 
and the mixture cooled in an ice bath. Dichlorobis( triphenylphosphine )palladium(II) (15 
mg, 0.02 mmol) and copper(I) iodide (10 mg, 0.05 mmol) were added and the mixture 
stirred at 0 °C for 30 min. The ice bath was then removed and stirring was continued for 90 
min while the mixture warmed to room temperature. The mixture was filtered and the 
solvent removed in vacuo. The product was purified by column chromatography on silica, 
eluting with pet. spirit. Removal of the solvent on a rotary evaporator yielded 0.85 g of a 
colorless liquid (93 %). HR MS (EI) C11H12Si81Br2: calc. 333.9034, found 333.9043; 
C11H12Si79Br81Br: calc. 331.9055, found 331.9058; C11H12Si79Br2: calc. 329.9075, 
found 329.9069. IR (cm-1): 2167 v(C =C). 1H NMR: (5, 300 MHz, CDCI3); 0.22 (s, 9H, 
Me), 7.51 (d, JHH = 2 Hz, 2H, H28), 7.59 (t, JHH = 2 Hz, 1H, H30). 13C NMR: (5, 75 MHz, 
CDC13); -0.3 (Me), 97.5 (C25), 101.6 (C25), 122.5 (C29), 126.5 (C27), 133.3 (C28), 134.1 
(C30). Density: 1.4 g mL-1. 
1, 3-diiodo-5-(trimethylsi lylethynyl)benzene 
1, 3- Dibromo -5- (trimethylsilylethynyl)benzene (1.77 g, 5.33 mmol) was dissolved in 
diethylether (100 mL) and the resultant solution cooled to -78 °C in a dry-ice / acetone 
bath. t- Butyllithium (13.5 mL, 1.6 M solution in hexane, 21.6 mmol) was slowly added and 
the mixture stirred for 30 min. A solution of iodine (3.8 g, 15.0 mmol) in diethylether (50 
mL) was then added slowly via a cannula. The mixture was stirred at -78 °C for 10 min and 
then allowed to warm to room temperature with stirring for a period of 30 min. After 
washing the mixture with saturated aqueous sodium thiosulfate solution, the organic layer 
was separated and dried using magnesium sulfate. The mixture was filtered and the solvent 
removed from the filtrate using a rotary evaporator. The product, a clear viscous liquid, was 
purified by column chromatography on silica, eluting with pet. spirit. Yield was 2.12 g (93 
%). HR MS (EI) C11H12SiI2: calc. 425.8798, found 425.8796. IR (cm-1): 2162 v(CC). 1H 
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NMR: (5, 300 MHz, CDC13); 0.21 (s, 9H, Me), 7.74 (d, JHH = 2 Hz, 2H, H28), 7.97 (t, JHH = 
2 Hz, 1H, H30). 13C NMR: (5, 75 MHz, CDC13); -0.2 (Me), 94.0 (C29), 97.5 (C26), 101.3 
(C25), 126.6 (C27), 139.6 (C28), 145.0 (C30). Density: 1.3 g mL-1. 
1- ethynyl- 3,5- diiodobenzene 
1, 3- diiodo -5- (trimethylsilylethynyl)benzene was dissolved in a 1:1 mixture of 
dichloromethane / methanol. Potassium carbonate (2 molar equivalents) was added and the 
mixture stirred at room temperature for 1 h. The mixture was filtered, and the solvent 
removed using a rotary evaporator and the residue purified by column chromatography on 
silica, to yield an off -white powder in 85% yield. MS: 354 ([M] +, 100), 227 ([M - I]+, 30), 
100 ([M - I2] +, 35). 1H NMR: (S, 300 MHz, CDC13); 3.14 (s, 1H, C =CH), 7.76 (d, JHH = 2 
Hz, 2H, H28), 8.01 (t, JHH = 2 Hz, 1H, H30). 13C NMR: (8, 75 MHz, CDC13); 79.8 (C25), 
80.2 (C26), 94.0 (C29), 125.6 (C27), 139.8 (C28), 145.5 (C30). 
1-Me3SiC=C-3,5-(4-BrC6H4C=C)2-C6H3 (12) 
1, 3- Diiodo -5- (trimethylsilylethynyl)benzene (2.25 g, 5.29 mmol) and 4- bromoethynyl- 
benzene (2.00 g, 11.05 mmol) were dissolved in triethylamine (50 mL) and the resultant 
solution cooled in an ice bath for 10 min. Dichlorobis(triphenylphosphine )palladium(II) 
(100 mg, 0.14 mmol) and copper(I) iodide (50 mg, 0.26 mmol) were added with stirring 
and the mixture allowed to warm to room temperature. After stirring for 2 h, the mixture 
was filtered and the filtrate taken to dryness in vacuo. The residue was purified by column 
chromatography on silica, eluting with pet. spirit. Removal of solvent on a rotary evaporator 
yielded 1.95 g (69 %) of a colorless powder. HR MS (EI) C27H2OSi79Br81Br: calc. 
531.9681, found 531.9699; C27H20Si79Br2 calc. 529.9701, found 529.9712. UV -vis (max, 
cm-1 (e, M-1 cm-1)): 32 200 (75 600), 34 200 (72 500), 37 400 (37 200). IR (cm-1): 2155 
v(CC). 1H NMR: (8, 300 MHz, CDC13); 0.23 (s, 91-I, Me), 7.41 (AA'BB', 8H, H36, H37), 
7.57 (d, JHH = 2 Hz, 2H, H28), 7.58 (t, JHH = 2 Hz, 1H, H30). 13C NMR: (8, 75 MHz, 
CDC13); -0.2 (Me), 88.7, 89.4 (C33, C34), 96.0 (C26), 103.0 (C25), 121.6 (C35), 122.9 (C38), 
123.6 (C29), 124.0 (C27), 131.7 (C36), 133.0 (C37), 134.1 (C30), 134.5 (C28). 
1- Me3SiC =C- 3,5- (4- 1C6H4C =C)2 -C6H3 (13) 
Compound 12 (1.70 g, 3.19 mmol) was dissolved in diethylether ( -100 mL) and the 
resultant solution cooled to -78 °C in a dry-ice / acetone bath. t- Butyllithium (8.7 mL, 1.5 
M solution in hexane, 13.1 mmol) was slowly added and the mixture stirred for 30 min. A 
solution of iodine (2.10 g, 8.27 mmol) in diethylether (50 mL) was then added slowly via a 
cannula. The mixture was stirred at -78 °C for 10 min and then allowed to warm to room 
temperature with stirring for a period of 30 min. After washing the mixture with saturated 
aqueous sodium thiosulfate solution, the organic layer was separated and dried using 
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magnesium sulfate. The mixture was filtered and the solvent removed using a rotary 
evaporator. The product was precipitated from a dichloromethane / pet. spirit solution by 
slow evaporation to yield 1.65 g (82 %) of a colourless solid. HR MS (EI) C27H2OSiI2: calc. 
625.9424, found 625.9427. UV -vis (vmax, cm -1 (e, M-1 cm-1)): 31 800 (80 500), 33 800 
(80 800), 37 100 (56 000). IR (cm-1): 2154 v(CC). 1H NMR: (S, 300 MHz, CDC13); 0.23 
(s, 9H, Me), 7.44 (AA'BB', 8H, H36, H37), 7.56 (d, JHH = 1.5 Hz, 2H, H28), 7.58 (t, JHH = 
1.5 Hz, 1H, H30). 13C NMR: (S, 75 MHz, CDC13); -0.2 (Me), 89.0, 89.6 (C33, C34), 94.6 
(C38), 96.0 (C26), 103.0 (C25), 122.2 (C35), 123.6 (C29), 124.0 (C27), 133.1 (C36), 134.1 
(C30), 134.5 (C28), 137.6 (C37). 
1-Me3SíCC-3,5-(4-HCCC6H4C=C)2-C6H3 (14) 
Zinc(II) bromide (1.08 g, 4.8 mmol) was flame dried under vacuum in a Schlenk tube and 
tetrahydrofuran (10 mL) was added. A solution of ethynylmagnesium bromide (10 mL, 0.5 
M in tetrahydrofuran, 5.0 mmol) was added and the mixture stirred for 5 min. Compound 
13 (1.0 g, 1.6 mmol) was added, followed by dichlorobis(triphenylphosphine )palladium(II) 
(200 mg, 0.3 mmol), and the mixture was stirred for 2 h. After washing the mixture with 
aqueous ammonium chloride, the organic layer was separated and dried with magnesium 
sulfate. The mixture was filtered and the solvent removed on a rotary evaporator. The 
product was purified by column chromatography on silica eluting with 1:19 
dichloromethane / pet. spirit. Removal of the solvent afforded 340 mg (50 %) of a white 
powder . HR MS (EI) C31H22Si: calc. 422.1491, found 422.1488. UV -vis (max, cm-1 (e, 
M-1 cm-1)): 31 100 (85 500), 33 200 (86 200), 37 000 (46 000). IR (cm-1): 2155, 2109 
v(C =C), 3296 v(HC =). 1H NMR: (S, 300 MHz, CDC13); 0.24 (s, 9H, Me), 3.17 (s, 2H, H42), 
7.45 (m, 8H, H36, H37), 7.57 (d, JHH = 1.5 Hz, 2H, H28), 7.60 (t, JHH = 1.5 Hz, 1H, H30) 
13C NMR: (S, 75 MHz, CDC13); -0.2 (Me), 79.1 (C42), 83.1 (C41), 89.6, 89.9 (C33, C34), 
96.0 (C26), 103.0 (C25), 122.2 (C35), 123.1 (C38), 123.6 (C29), 124.0 (C27), 131.6 (C36), 
132.1 (C37), 134.2 (C30), 134.6 (C28). 
4.5.3. Syntheses of Ruthenium -containing Complexes 
1,3,5- C6H3[4- C =CC6H4C _C- trans- [RuCI(dppe)2]]3 (10) 
To a solution of 9 (0,090 g, 0.20 mmol) and cis- [RuC12(dppe)2] (1.00 g, 1.02 mmol) in 
dichloromethane (25 mL) was added sodium hexafluorophosphate (0.20 g, 1.2 mmol). The 
mixture was stirred at room temperature for 12 h. Triethylamine (1 mL) was added and the 
mixture stirred for a further 5 min. The solvent was removed in vacuo and the residue 
absorbed onto alumina (basic, grade 3) and placed onto an alumina column. This was 
eluted firstly with 1:19 acetone:diethylether (400 mL) to remove trans- [RuC12(dppe)2] and 
then with dichloromethane (200 mL) to remove the product. Evaporation of the solvent 
afforded a yellow powder, yield 440 mg (68 % based on 9). MS: 3249 ([M] +, 20), 898 
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([Ru(dppe)2] +, 100). Anal. Calcd for C192H159C13P12Ru3: C 71.01, H 4.94 %. Found: C 
70.90, H 5.20 %. UV -vis (vmax, cm-1 (r, M-1 cm-1)): 24 200 (99 000), 33 300 (66 000), 40 
000 (137 000). IR (cm): 2204, 2065 v(C =C). 1H NMR: (6, 300 MHz, CDC13); 2.69 (m, 
24H, CH2), 6.56 (d, JHH = 8 Hz, 6H, H11), 6.93 to 7.46 (m, 126H, phenyl), 7.59 (s, 3H, H1). 
13C NMR: (6, 75 MHz, CDC13); 30.6 (m, CH2), 88.3, 91.5 (C7, C8), 116.2 (C15), 127.0 
(Cm), 127.2 (Cm), 128.9 (Cr), 130.0, 130.9 (C10, C11), 134.2 (C0), 134.4 (C0), 135.5 (Ci), 
136.3 (Ci). 31P NMR: (6, 121 MHz, CDC13); 49.9 (s). 
1,3,5- C6H3[4- C =CC6H4C =C- trans- [Ru(C =CPh)(dppe)2]]3 (lla) 
To a solution of 10 (155 mg, 0.048 mmol) and phenylacetylene (0.05 mL, 0.46 mmol) in 
dichloromethane (15 mL) was added sodium hexafluorophosphate (50 mg, 0.30 mmol) 
and triethylamine (0.5 mL). The mixture was stirred for 5 h at room temperature. The 
solvent was removed in vacuo and the residue dissolved in dichloromethane and absorbed 
onto alumina, which was then placed on to an alumina column. It was eluted firstly with 
1:19 dichloromethane / pet. spirit to remove excess phenylacetylene and then with 3:2 
dichloromethane / pet. spirit to remove the product. Evaporation of the solvent afforded a 
yellow powder, yield 0.105 g (64 %). MS: 3445 ([M] +, 0.4), 3343 ([M - C= CPh] +, 0.8), 898 
([Ru(dppe)2] +, 100). Anal. Calcd for C216H174P12Ru3: C 75.32, H 5.09 %. Found: C 
74.98, H 5.60 %. UV -vis (Vmax' cm-1 (e, M-1 cm-1)): 24 300 (116 000), 31 740 (98 100). 
IR (cm-1): 2203, 2057 v(C =C). 1H NMR: (6, 300 MHz, CDC13); 2.63 (m, 24H, CH2), 6.65 
(d, JHH = 8 Hz, 6H, H11 or H20), 6.81 (d, JHH = 8 Hz, 6H, H11 or H20), 6.92 to 7.61 (m, 
138H, phenyl and H1 (obscured)). 13C NMR: (6, 75 MHz, CDCI3); 31.4 (m, CH2), 88.3, 
91.6 (C7, C8), 116.2 (C15), 117.2 (C18), 127.0 (Cm), 127.4 (C20 or C21), 128.6 (Cp), 128.7 
(Cp), 129.9 (C10 or C11), 130.5 (C12), 130.9 (C10 or C11), 134.1 (Co), 134.3 (Co), 136.9 
(m, Ci)). 31P NMR: (6, 121 MHz, CDCI3); 54.5 (s). 
1,3,5- C6H3(4- C=CC6H4C =C- trans- [Ru(4- C =CC6H4NO2)(dppe)2]]3 (11b) 
To a solution of 10 (100 mg, 0.031 mmol) and 4- HC=CC6H4NO2 (30 mg, 0.20 mmol) in 
dichloromethane (5 mL) was added sodium hexafluorophosphate (35 mg, 0.21 mmol) and 
triethylamine (0.5 mL). The mixture was stirred for 2 h at refluxing temperature. The 
solvent was removed in vacuo and the residue dissolved in dichloromethane and absorbed 
onto alumina, which was then placed onto an alumina column. It was eluted firstly with 1:2 
dichloromethane / pet. spirit to remove excess acetylene, and then with dichloromethane to 
remove the product. Evaporation of the solvent afforded a red powder, yield 88 mg (80 %). 
MS: 3580 ([M] +, 1), 1044 ([Ru(4- C=CC6H4NO2)(dppe)2] +, 10), 898 ([Ru(dppe)2]+, 100). 
Anal. Calcd for C216H171N3O6P12Ru3: C 72.48, H 4.81, N 1.17 %. Found: C 72.10, H 
4.80, N 1.21 %. UV -vis (vmax' cml (r, M-1 cm-1)): 21 800 (89 300), 24 800 (11 200), 32 
700 (91 500), 41 000 (179 000). IR (cm-1): 2204, 2047 v(C =C). 1H NMR: (6, 300 MHz, 
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CDC13); 2.63 (m, 24H, CH2), 6.57 (d, JHH = 8 Hz, 6H, H11 or H20), 6.76 (d, JHH = 8 Hz, 6H, 
H11 or H20), 6.91 to 7.57 (m, 126H, phenyl), 7.62 (s, 1H, H1), 7.97 (d, JHH = 8 Hz, 6H, 
H21). 13C NMR: (8, 75 MHz, CDC13); 31.4 (m, CH2), 88.4, 91.6 (C7, C8), 116.9 (C15), 
118.8 (C18), 123.5 (C21 or C20), 127.3 (Cm), 128.9 (Cp), 129.0 (Cp), 129.9 (C10 or C11), 
130.7 (C12), 131.2 (C10 or C11), 134.0 (Co), 134.2 (Co), 136.4 (m, CO, 137.3 (C19), 142.7 
(C22). 31P NMR: (S, 121 MHz, CDC13); 54.5 (s). 
1 -( Me3SiC =C)- C6[-13- 3,5 -[4 -C .CC6H4C =C- trans- [RuCI(dppe)2J)2 (15) 
To a solution of 14 (100 mg, 0.24 mmol) and cis-[RuC12(dppe)21 (550 mg, 0.57 mmol) in 
dichloromethane (20 mL) was added sodium hexafluorophosphate (160 mg, 0.95 mmol). 
The mixture was stirred at room temperature for 20 h. Triethylamine (1 mL) was added and 
the mixture stirred for a further 5 min. The solvent was removed in vacuo and the residue 
absorbed onto alumina (basic, ungraded) and placed onto an alumina column. This was 
eluted firstly with 4:1 diethylether / pet. spirit and then with 1:1 diethylether / 
dichloromethane to remove the product. Evaporation of the solvent afforded a yellow 
powder. Yield 0.360 g (66 % based on 14). MS: 2288 ([M] +, 7), 2252 ([M - Cl] +, 3), 898 
([Ru(dppe)2] +, 100). Anal. Calcd for C135H116C12P8Ru2Si: C 70.89, H 5.11 %. Found: C 
70.52, H 5.11 %. UV -vis (max' cm-1 (e, M -1 cm-1)): 24 300 (72 700), 33 400 (sh, 51 000), 
39 900 (117 000). IR ( cm-1): v(CC) 2064, 2156, 2205. 1H NMR: (S, 300 MHz, CDC13); 
0.27 (s, 9H, Me), 2.68 (m, 16H, CH2), 6.55 (d, JHH = 8 Hz, 4H, H37), 6.92 to 7.46 (m, 84H, 
phenyl), 7.54 (d, JHH = 2 Hz, 2H, H28), 7.58 (t, JHH = 2 Hz, 1H, H30). 13C NMR: (S, 75 
MHz, CDC13); -0.1 (Me), 30.6 (CH2), 126.9 (Cm), 127.2 (Cm), 128.8 (Cp), 134.1 (C0), 
134.3 (C0), 135.5 (m, CO, 136.2 (m, Ci). 31P NMR: (8, 121 MHz, CDC13); 50.0 (PPh2). 
1 -( Me3SiC =C)- C6H3- 3,5- [4- C =CC6H4C =C- trans- [Ru(C=CPh)(dppe)2J)2 (16a) 
To a solution of 15 (720 mg, 0.31 mmol) and phenylacetylene (0.20 mL) in 
dichloromethane (20 mL) was added sodium hexafluorophosphate (320 mg, 1.9 mmol) 
and triethylamine (1 mL) with stirring. The mixture was stirred for 2 h at reflux. The 
solvent was removed in vacuo and the residue dissolved in dichloromethane and absorbed 
onto alumina, which was then placed on to an alumina column (basic, ungraded). It was 
eluted firstly with 1:19 dichloromethane / pet. spirit to remove excess phenylacetylene and 
then with 3:2 dichloromethane / pet. spirit to remove the product. Evaporation of the solvent 
afforded a yellow powder which was recrystallized from dichloromethane / methanol, yield 
540 mg (71 %). MS: 2420 ([M] +, 3), 999 ([Ru(C=CPh)(dppe)2] +, 3), 898 ([Ru(dppe)2] +, 
20). Anal. Calcd for C151H126P8Ru2Si: C 74.99, H 5.25 %. Found: C 75.00, H 5.43 %. 
UV -vis (max' cm-1 (e, M-1 cm-1)): 24 500 (74 500), 32 100 (70 000). IR (cm-1): 2057, 
2156, 2204 v(C =C). 1H NMR: (S, 300 MHz, CDC13); 0.29 (s, 9H, Me), 2.63 (m, 16H, CH2), 
6.64 (d, JHH = 8 Hz, 4H, H37 or H46), 6.82 (d, JHH = 8 Hz, 4H, H37 or H46), 6.93 to 7.61 
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(m, 93H, phenyl). 13C NMR: (S, 75 MHz, CDC13); -0.1 (Me), 31.4 (CH2), 127.0 (Cm), 
128.6 (Cp), 134.1 (Co), 134.3 (Co), 136.9 (m, Ci). 31P NMR: (8, 121 MHz, CDC13); 50.0 
(PPh2).. 31P NMR: (S, 121 MHz, CDC13); 54.5 (PPh2) 
1-( Me3SiC =C)- C6H3- 3,5- {4- C=CC6H4C = -C- trans- [Ru(4- C =CC6H4NO2)(dppe)2]]2 (16b) 
To a solution of 15 (140 mg, 0.061 mmol) and 4- HCmCC6H4NO2 (35 mg, 0.24 mmol) in 
dichloromethane (5 mL) was added sodium hexafluorophosphate (40 mg, 0.24 mmol) and 
triethylamine (0.5 mL). The mixture was stirred for 2 h at reflux. The solvent was removed 
in vacuo and the residue dissolved in dichloromethane and then passed through an alumina 
plug eluting with dichloromethane. The solvent was removed and the residue dissolved in 
the minimum amount of dichloromethane. Pet. spirit (- 30 mL) was added with stirring 
whereupon the product precipitated from solution. It was then collected by filtration, yield 
130 mg (85 %). MS: 2509 ([M] +, 5), 1044 ([Ru(4 -C CC6H4NO2)(dppe)2] +, 10), 898 
([Ru(dppe)2] +, 100). Anal. Calcd for C151H124N2O4P8Ru2Si: C 72.30, H 4.98, N 1.12 %. 
Found: C 71.70, H 4.86, N 1.08 %. UV -vis ('max, CM-1 (e, M-1 cm-1)): 21 700 (58 900), 24 
900 (71 200), 32 700 (sh, 59 300), 37 800 (94 200). IR (cm-1): 2047, 2155, 2206 v(C=C). 
1H NMR: (S, 300 MHz, CDC13); 0.29 (s, 9H, Me), 2.63 (m, 16H, CH2), 6.57 (d, JHH = 8 Hz, 
4H, H37 or H46), 6.74 (d, JHH = 8 Hz, 4H, H37 or H46), 6.91 to 7.56 (m, 87H, phenyl), 7.97 
(d, JHH = 8 Hz, 4H, H47). 13C NMR: (S, 75 MHz, CDC13); -0.1 (Me), 31.3 (CH2), 127.2 
(Cm), 128.9 (Cp), 133.9 (C0), 134.1 (C0), 136.3 (m, Ci), 142.6 (C48). 31P NMR: (S, 121 
MHz, CDC13); 54.5 (PPh2) 
1- (HC =C)- C6H3- 3,5- {4- C=CC6H4C =C- trans- [Ru(C =CPh)(dppe)2]]2 (17a) 
To a solution of 16a (400 mg, 0.17 mmol) in dichloromethane (15 mL) was added 0.2 mL 
of tetra- n- butylammonium fluoride solution (I M in THF) and the resultant mixture stirred 
for 1 h. The mixture was then placed atop a short alumina (basic, ungraded) column and 
eluted with dichloromethane. Methanol ( -40 mL) was then added to the eluted solution and 
the total volume of solvent was reduced to -30 mL using a rotary evaporator. The 
precipitated product was collected by filtration and dried in vacuo, yield 330 mg (85 %). 
MS: 2347 ([M] +, 5), 898 ([Ru(dppe)2] +, 45). Anal. Calcd for C148H118P8Ru2: C 75.76, H 
5.07 %. Found: C 75.37, H 5.07 %. UV -vis (Ymax' CM-1 (e, M-1 cm-1)): 24 600 (80 700), 32 
000 (72 100). IR (cm-1): 2057, 2202 v(C =C), 3296 v(H -C =). 1H NMR: (S, 300 MHz, 
CDC13); 2.63 (m, 16H, CH2), 3.12 (s, 1H, C=CH), 6.64 (d, JHH = 8 Hz, 4H, H37 or H46), 
6.81 (d, JHH = 8 Hz, 4H, H37 or H46), 6.92 to 7.65 (m, 93H, phenyl). 13C NMR: (S, 75 
MHz, CDC13); 31.4 (CH2), 78.0 (C25), 82.3 (C26), 127.0 (Cm), 128.6 (Cp), 134.0 (C0), 
134.3 (Co), 137.0 (m, Ci). 31P NMR: (6, 121 MHz, CDC13); 54.5 (PPh2). 
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1- (HC =C)- C6H3- 3,5- (4- C=CC6H4C -trans- [Ru(4- CTCC6H4NO2)(dppe)2]]2 (17b) 
To a solution of 16b (100 mg, 0.041 mmol) in dichloromethane (15 mL) was added 0.2 
mL of tetra -n- butylammonium fluoride solution (1 M in THF) and the resultant mixture 
stirred for 1 h. The mixture was then placed atop a short alumina (basic, ungraded) column 
and eluted with dichloromethane. Methanol ( -20 mL) was then added to the eluted solution 
and the total volume of solvent was reduced to -10 mL using a rotary evaporator. The 
precipitated product was collected by filtration, washed with pet. spirit, and dried in vacuo. 
Yield was 85 mg (88 %). MS: 2436 ([M] +, 2), 1044 ([Ru(4- C=CC6H4NO2)(dppe)2] +, 10), 
898 ([Ru(dppe)2] +, 100). Anal. Calcd for C148H116N2O4P8Ru2: C 72.96, H 4.80, N 1.15 
%. Found: C 73.21, H 4.74, N 1.19 %. UV -vis (max' cm-1 (r, M-1 cm-1)): 21 600 (61 700), 
25 000 (74 000), 32 500 (sh, 62 700). IR (cm1): 2047, 2204 v(C =C), 3296 v(HC =). 1H 
NMR: (8, 300 MHz, CDC13); 2.63 (m, 16H, CH2), 3.12 (s, 1H, C =CH), 6.58 (d, JHH = 8 Hz, 
4H, H37 or H46), 6.75 (d, JHH = 8 Hz, 4H, H37 or H46), 6.92 to 7.57 (m, 88H, phenyl), 7.65 
(s, 1H, H30), 7.98 (d, JHH = 8 Hz, 4H, H47). 13C NMR: (8, 75 MHz, CDC13); 31.3 (CH2), 
78.1 (C25), 82.3 (C26), 127.2 (Cm), 128.9 (Cr), 133.9 (Co), 134.1 (Co), 136.4 (m, CO, 142.6 
(C45). 31P NMR: (8, 121 MHz, CDC13); 54.5 (PPh2) 
1, 3, 5-C6H3(4-C=CC6H4C=C-trans-(Ru(dppe)2]C=C-3, 5-C6H3-(4-C=CC6H4C=C-trans- 
[Ru(C=CPh)(dppe)2]]2)3 (18a) 
To a solution of 10 (80 mg, 0.025 mmol) and 17a (190 mg, 0.081 mmol) in 
dichloromethane (20 mL) was added sodium hexafluorophosphate (30 mg, 0.18 mmol) 
and triethylamine (0.5 mL) with stirring. The mixture was stirred for 24 h in an oil bath 
held at 38 °C. The solvent was removed in vacuo and the residue dissolved in 
dichloromethane and absorbed onto alumina, which was then placed on to an alumina 
column (basic, ungraded). It was eluted firstly with diethylether to remove excess 17a and 
then with dichloromethane to remove the product. Methanol ( -40 mL) was then added to 
the eluted solution and the total volume of solvent was reduced to -10 mL using a rotary 
evaporator. The precipitated product was collected by filtration and dried in vacuo. Yield 
was 130 mg (52 %). Anal. Calcd for C636H510P36Ru9: C 75.06, H 5.05 %. Found: C 74.83, 
H 5.23 %. UV -vis (max, cm-1 (e, M-1 cm-1)): 24 900 (421 000), 32 200 (291 000). IR 
(cm-1): 2056, 2204 v(C =C). 1H NMR: (8, 300 MHz, CDC13); 2.64 (m, 72H, CH2), 6.68 to 
6.81 (m, 36H, H11, H28, H37, H46), 6.94 to 7.63 (m, 402H, phenyl). 13C NMR: (8, 75 MHz, 
CDCI3); 31.4 (CH2), 127.0 (Cm), 128.6 (Cr), 128.7 (Cp), 134.1 (Co), 134.3 (Co), 136.9 (m, 
Cd. 31P NMR: (8, 121 MHz, CDC13); 54.4 (s, 24P, "outer" PPh2), 54.3 (s, 12P, "inner" 
PPh2). 
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1, 3, 5-C6H3(4-C=CC6H4C=C-trans-[Ru(dppe)2]C=C-3, 5-C6H3-[4-C=CC6H4C=C-trans- 
[Ru(4-C=CC6H4NO2)(dppe)2]]2)3 (18b) 
To a solution of 10 (77 mg, 0.024 mmol) and 17b (190 mg, 0.078 mmol) in 
dichloromethane (15 mL) was added sodium hexafluorophosphate (25 mg, 0.15 mmol) 
and triethylamine (0.5 mL) with stirring. The mixture was stirred for 18 h in an oil bath 
held at 35 °C. The solvent was removed in vacuo and the residue dissolved in 
dichloromethane and absorbed onto alumina, which was then placed on to an alumina 
column (basic, ungraded). It was eluted firstly with diethylether to remove excess 17b and 
then with dichloromethane to remove the product. The solvent was then removed using a 
rotary evaporator and 80 mg (32 %) of red powder was collected. Anal. Calcd for 
C636H5046O12P36Ru9: C 73.12, H 4.86, N 0.80 %. Found: C 73.35, H 4.92, N 1.03 %. 
UV -vis (vmax' cm-1 (e, M-1 cm-1)): 21 400 (sh, 160 000), 25 300 (350 000), 32 700 (sh, 
241 000). IR (cm-1): 2047, 2206 v(C =C). 1H NMR: (S, 300 MHz, CDCI3); 2.64 (m, 72H, 
CH2), 6.55 to 6.81 (m, 36H, H11, H28, H37, H46), 6.91 to 7.63 (m, 384H, phenyl), 7.97 (d, 
JHH = 8 Hz, 12H, H47). 13C NMR: (S, 75 MHz, CDC13); 31.3 (CH2), 127.0 (Cm), 128.9 (Ce), 
133.9 (C0), 134.1 (Co), 136.5 (m, C;), 142.6 (C48). 31P NMR: (S, 121 MHz, CDC13); 53.8 
(s, 24P, "outer" PPh2), 54.1 (s, 12P, "inner" PPh2) 
trans- [Ru(4 -C CC6H4C= CPh)(CCPh)(dppe)2] (19a) 
To a solution of trans- [Ru(C=CPh)C1(dppe)2] (200 mg, 0.19 mmol) and 4- 
HC =CC6H4C =CPh (50 mg, 0.25 mmol) in dichloromethane (10 mL) was added sodium 
hexafluorophosphate (65 mg, 0.39 mmol) and triethylamine (1 mL) with stirring. The 
mixture was stirred for 6 h at room temperature. The solvent was removed in vacuo and the 
residue dissolved in dichloromethane and absorbed onto alumina, which was then placed on 
to an alumina column. It was eluted firstly with 1:9 dichloromethane / pet. spirit to remove 
excess acetylene and then with dichloromethane to remove the product. Addition of pet. 
spirit and then evaporation of the solvent afforded yellow microcrystals. Yield was 0.180 g 
(78 %). MS: 1200 ([M] +, 5), 1099 ([M(C=CC6H4CmCPh)(dppe)21+, 75), 999 
([M(CmCPh)(dppe)2] +, 65), 897 ([M(dppe)2 - H] +, 100). Anal. Calcd for C77H64C12P4Ru: 
C 71.96, H 5.02 %. Found: C 71.96, H 5.03 %. UV -vis (vmax' cm-1 (e, M-1 cm-1)): 26 200 
(38 000). IR (cm-1): 2210, 2056 v(C =C). 1H NMR: (8, 300 MHz, CDC13); 2.61 (m, 8H, 
CH2), 6.59 (d, JHH = 8 Hz, 2H, H11 or H20), 6.76 (d, JHH = 8 Hz, 2H, H11 or H20), 6.89 to 
7.60 (m, 50H, phenyl). 13C NMR: (8, 75 MHz, CDCI3); 31.4 (CH2), 127.0 (Cm), 128.6 (Ca), 
134.1 (C0), 134.3 (Co), 136.9 (Ce). 31P NMR: (S, 121 MHz, CDCI3); 54.2 (PPh2) 
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trans- [Ru(4- CmCC6H4C=CPh)(4 -C- CC6H4NO2)(dppe)2] (19b) 
To a solution of trans- [Ru(4- C =CC6H4NO2)C1(dppe)2] (120 mg, 0.11 mmol) and 4- 
HC=CC6H4CmCPh (45 mg, 0.22 mmol) in dichloromethane (10 mL) was added sodium 
hexafluorophosphate (40 mg, 0.24 mmol) and triethylamine (0.5 mL) with stirring. The 
mixture was stirred for 2 h at reflux and then allowed to cool to room temperature. The 
mixture was then placed atop a short alumina (basic, ungraded) column and eluted with 
dichloromethane. Pet. spirit (-50 mL) was then added to the eluted solution and the total 
volume of solvent was reduced to -30 mL using a rotary evaporator. The precipitated 
product was collected by filtration, washed with pet. spirit, and dried in vacuo, yield 110 mg 
(79 %). MS: 1245 ([M] +, 5), 898 ([M(dppe)21+, 35). Anal. Calcd for C76H61NO2P4Ru: C 
73.30, H 4.94, N 1.12 %. Found: C 72.89, H 5A9, N 1.48 %. UV -vis (vmax' cm-1 (E, M -1 
cm-1)): 21 300 (24 700), 26 800 (33 900). IR (cm-1): 2046 v(C =C). 1H NMR: (S, 300 
MHz, CDC13); 2.61 (m, 8H, CH2), 6.56 (d, JHH = 8 Hz, 2H, H11 or H20), 6.73 (d, JHH = 8 
Hz, 2H, H11 or H20), 6.90 to 7.55 (m, 47H, phenyl), 7.97 (d, JHH = 8 Hz, 2H, H21). 13C 
NMR: (6, 75 MHz, CDC13); 31.3 (CH2), 127.2 (Cm), 128.9 (Cr), 133.9 (Co), 134.1 (Co), 
136.3 (m, CO, 142.6 (C48). 31P NMR: (6, 121 MHz, CDC13); 53.7 (PPh2) 
trans- [Ru(4- C =CC6H41)C1(dppe)2] (20) 
A mixture of cis- [RuC12(dppe)2] (500 mg, 0.52 mmol), 4- HC=CC6H4I (240 mg, 1.05 
mmol) and sodium hexafluorophosphate (200 mg, 1.19 mmol) was stirred in 
dichloromethane (20 mL) for 6 h at room temperature. Pet. spirit (30 mL, deoxygenated) 
was added via cannula and the total solvent volume reduced to -25 mL in vacuo. The 
mixture was filtered using Schlenk techniques and the residue dissolved in dichloromethane 
(20 mL). Sodium methoxide (65 mg, 1.19 mmol in 2 mL of McOH) was added to 
deprotonate the vinylidene complex formed. The solvent was removed in vacuo and the 
residue purified by column chromatography eluting with 4:1 dichloromethane / pet. spirit. 
The product was precipitated by removing the dichloromethane on a rotary evaporator. 
Upon filtering, 480 mg of yellow powder was isolated (80 %). MS: 1160 ([M] +, 17), 1125 
([M - C1] +, 32), 897 ([Ru(dppe)2] +, 23), 499 ([Ru(dppe)] +, 16). Anal. Calcd for 
C60H52C1IP4Ru: C 62.10, H 4.52 %. Found: C 62.34, H 4.30 %. UV -vis (vmax, cm-1 (e, M-1 
cm-1)): 29 400 (24 500). IR (cm-1); 2068 v(C C). 1H NMR: (6, 300 MHz, CDC13); 2.63 
(m, 8H, CH2), 6.30 (d, JHH = 8 Hz, 2H, H11), 6.90 to 7.44 (42H, Ph). 31P NMR: (S, 121 
MHz, CDC13); 50.1 (PPh2) 
trans-[ Ru(4- C =CC6H4C=CSiMe3)C1(dppe)2] (21) 
trans- [Ru(4- C=CC6H4I)Cl(dppe)2] (500 mg, 0.43 mmol) and trimethylsilylacetylene (180 
µL, 1.27 mmol) were dissolved in tetrahydrofuran (15 niL). Dichlorobis(triphenyl- 
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phosphine)palladium(II) (10 mg, 0.014 mmol), copper(I) iodide (10 mg, 0.052 mmol) and 
triethylamine (2 mL) were added with stirring. The mixture was stirred for 20 min at room 
temperature. The solvent was then removed in vacuo and the residue dissolved in 
dichloromethane and passed through an alumina plug, eluting with dichloromethane. Pet. 
spirit was added ( -50 mL) and the solvent removed using a rotary evaporator, affording 
300 mg (62 %) of the product as a yellow powder. MS: 1130 ([M] +, 100), 1095 ([M - 
20), 897 ([Ru(dppe)2 - H] +, 25), 499 ([Ru(dppe)] +, 25). Anal. Calcd for C65H61CIP4RuSi: 
C 69.05, H 5.44 %. Found: C 68.51, H 5.50 %. UV -vis (vmax, cm -1 (e, M -1 cm -1)): 27 000 
(33 100). IR (cm-1); 2148, 2065 v(C =C). 1H NMR: (6, 300 MHz, CDC13); 0.24 (s, 9H, Me), 
2.66 (m, 8H, CH2), 6.46 (d, JHH = 8 Hz, 2H, H11), 6.87 to 7.40 (42H, Ph). 31P NMR: (S, 121 
MHz, CDC13); 49.8 (PPh2). 
trans- (Ru(4 -C CC6H4C= CSiMe3)(C =CPh)(dppe)21 (22) 
trans- [Ru(4 -C =- CC6H4C CSiMe3)Cl(dppe)2] (720 mg, 0.64 mmol), phenylacetylene (140 
)IL, 1.28 mmol), sodium hexafluorophosphate (220 mg, 1.31 mmol) and triethylamine were 
stirred in dichloromethane for 4 h at room temperature. The solvent was then removed in 
vacuo and the residue purified by column chromatography, eluting first with pet. spirit to 
remove excess acetylene, and then with 4:1 dichloromethane / pet. spirit to remove the 
product. The solvent was removed using a rotary evaporator and 500 mg (67 %) of the 
product as a yellow powder was collected. MS: 1196 ([M] +, 25), 898 ([Ru(dppe)2] +, 50). 
UV -vis (Vmax' cm-1 (e, M -1 cm -1)): 27 000 (40 200). IR (cm-1); 2148, 2058 v(C =C). 1H 
NMR: (6, 300 MHz, CDC13); 0.24 (s, 9H, Me), 2.60 (m, 8H, CH2), 6.54 (d, JHH = 8 Hz, 2H, 
H11 or H20), 6.79 (d, JHH = 8 Hz, 2H, H11 or H20), 6.88 to 7.60 (45H, Ph). 31P NMR: (6, 
121 MHz, CDC13); 54.4 (PPh2) 
trans- (Ru(4 -C =CC6H4C =CH)(C =CPh)(dppe)2) (23) 
trans- [Ru(4 -C CC6H4C CSiMe3)(C =CPh)(dppe)2] (440 mg, 0.36 mmol) was dissolved in 
dichloromethane (20 mL) and tetra -n- butylammonium fluoride (0.40 mL, 1 M solution in 
tetrahydrofuran) was added with stirring. The mixture was stirred 30 min at room 
temperature. The solvent was then removed in vacuo and the residue purified by column 
chromatography on alumina, eluting with 2:3 dichloromethane / pet. spirit. The solvent was 
removed using a rotary evaporator and 335 mg (81 %) of yellow powder was collected. MS: 
1160 ([M] +, 17). Anal. Calcd for C70H58P4Ru: C 74.79, H 5.20 %. Found: C 74.48, H 5.20 
%. UV -vis (max' cm-1 (e, M -1 cm -1)): 27 700 (35 400). IR (cm-1); 2057 v(C =C), 3294 
v(H -C =). 1H NMR: (6, 300 MHz, CDC13); 2.60 (m, 8H, CH2), 3.09 (s, 1H, C =CH), 6.58 (d, 
JHH = 8 Hz, 2H, H11 or H20), 6.79 (d, JHH = 8 Hz, 2H, H11 or H20), 6.89 to 7.59 (45H, Ph). 
31P NMR: (8, 121 MHz, CDC13); 54.5 (PPh2) 
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trans- [Ru(4 -C= CC6H4C =CSiMe3)(3,5- C=CC6H3I2)(dppe)21 (24) 
trans- [Ru(4 -C CC6H4C CSiMe3)Cl(dppe)2] (150 mg, 0.13 mmol), 1- HC =C- 3,5- C6H3I2 
(70 mg, 0.20 mmol), sodium hexafluorophosphate (45 mg, 0.26 mmol) and triethylamine 
(1 mL) were stirred in dichloromethane for 5 h at room temperature. The solvent was then 
removed in vacua and the residue purified by column chromatography, eluting first with 
1:9 dichloromethane / pet. spirit to remove excess acetylene, and then with 1:1 
dichloromethane / pet. spirit to remove the product. The solvent was removed using a rotary 
evaporator and 150 mg (78 %) of the product as a yellow powder was collected. MS: 1448 
([M] +, 30), 898 ([Ru(dppe)2] +, 100). Anal. Calcd for C73H64I2P4RuSi: C 60.55, H 4.45 %. 
Found: C 60.69, H 4.48 %. UV -vis 6/max, cm-1 (e, M-1 cm-t)): 27 000 (56 200). IR (cm-1); 
2149, 2060, 2046 v(C =C). 1H NMR: (S, 300 MHz, CDC13); 0.24 (s, 9H, Me), 2.55 (m, 8H, 
CH2), 6.69 (d, JHH = 8 Hz, 2H, H11 or H20), 6.79 (d, JHH = 2 Hz, 2H, H11 or H20), 6.92 to 
7.68 (43H, Ph). 31P NMR: (S, 121 MHz, CDC13); 54.2 (PPh2) 
4.7.4. Hyper- Rayleigh scattering measurements 
A Nd:YAG laser (Q- switched Nd:YAG Quanta Ray GCR130 -10, 1064 nm, 8 ns pulses, 10 
Hz) was focussed into a cylindrical cell (14 mL) containing the sample. The intensity of the 
incident beam was varied by rotation of a half -wave plate placed between crossed polarizers. 
Part of the laser pulse was sampled by a photodiode to measure the vertically polarized 
incident light intensity. The frequency doubled light was collected by an efficient 
condenser system and detected by a photomultiplier. The harmonic scattering and linear 
scattering were distinguished by appropriate filters; gated integrators were used to obtain 
intensities of the incident and harmonic scattered light. All measurements were performed 
in tetrahydrofuran using p- nitroaniline ((3 = 21.4 x 10 -30 esu) as a reference. 
4.7.5. Z -scan measurements 
Z -scan measurements were performed at 800 nm using a system consisting of a Coherent 
Mira Ar- pumped Ti- sapphire laser generating a mode -locked train of approximately 100 fs 
pulses and a home -built Ti- sapphire regenerative amplifier pumped with a frequency - 
doubled Q- switched pulsed YAG laser (Spectra Physics GCR) at 30 Hz and employing 
chirped pulse amplification. THE solutions were examined in a 0.1 cm path length cell. The 
closed- aperture and open -aperture Z -scans were recorded at a few concentrations of each 
compound and the real and imaginary part of the nonlinear phase shift determined by 
numerical fitting using equations given in reference 91. The real and imaginary part of the 
hyperpolarizability of the solute was then calculated by linear regression from the 
concentration dependencies. The nonlinearities and light intensities were calibrated using 
measurements of a 1 mm thick silica plate for which the nonlinear refractive index n2 = 3 x 
10-16 cm2 W-1 was assumed. 
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